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SYMBOLS AND ABBREVIATIONS 
u.v. ultraviolet 
). wavelength 
nm nanometre (10-9 m) 
E molar extinction coefficient 
l.r. infra-red 
v frequency of absorption maximum 
n.m.r. nuclear magnetic resonance 
6 chemical shift 
p.p.m. parts per million 
THS tetramethylsilane 
s singlet 
d doublet 
t triplet 
p pentplet 
br broad 
lH proton 
13C carbon-13 
e.!. electron Impact 
f.a.b. fast atom bombardment 
DHSO dimethylsulphoxlde 
DHF N,N-dlmethylformamlde 
THF tetrahydrofuran 
3, 2, 3-tet 1, 5, 8, 12-tetraazadodecane 
2,3,2-tet 1, 4, 8, l1-tetraazaundecane 
x 
SUMMARY 
The macrocyc I es referred to 1 n th 1 s summary are 1 dent 1 fled 
in the frontispiece. 
Ten new azamacrocyclic ligands have been synthesied and 
characterised, together with some of the metal complexes they form 
with the divalent metal ions Ni 2+, Cu 2+, 2n2+, Pb2+, and Cd 2+. The 
pyridine-containing tetra-azamacrocycle L1, the related 
N-funct i ona Ii sed 1 i gands L 1 sand L 17 -L 19, the penta-azamacrocyc 1 es 
L5-L7, as well as the piperidine-containing tetra-azamacrocycle L4, 
and the binucleating octa-azamacrocycle LiO were investigated. 
Diamagnetic square-planar complexes, [Ni (L)] [CI04 h (L - L 1 
and L 4), were isolated, and the three isomers formed by L 1 were 
separated and characterised by l'C n.m.r. The structure of 
unsymmetric [NI(Ll )][CI04]2 was established by x-ray 
crystallography. Paramagnetic Ni 2+ complexes of Ll were found which 
were either square-pyramidal [Ni(Ll )X]nT (X - unidentate ligandl n -
1 or 2), or cis-octahedral [{NI(L1)}20X]H (OX - oxalate ion) with a 
tetradentate bridging oxalate group. Structures of the 
oxalato-complex, and the flve-co-ordinate complexes with X - CI- and 
d i methy I su I ph ox i de (DMSO) , were estab 11 shed by x-ray 
crystallography. 
Fi ve- and s I x-co-ord I nate comp I exes of L 5 -L 7 were prepared 
of the ty?e [M(L)]2+ (M - Cu, L - L5-L7, M - Zn, L - L7, M - Cd, 
Pb, L - L _L7) and [M(L)(DMSO)]2+ (M - Ni, L - L6 and L7 , M - Zn, L 
- L6 ). A crystal structure of [2n(L7)][CI04]2 shows that the 
geometry around the zinc ion is a distorted trigonal bipyramid, with 
the pyridine N-atom in the trigonal plane, and with a Cz rotation 
axis passing through the 2n and pyridine N-atoms, and bisecting the 
C-C bond furthest removed from the pyridIne rIng. 
The large ring octa-azamacrocyc i eLl ° forms homob I nuc I ear 
complexes of the type [M2(L10 }]4+ (M - Ni, Cu, Zn), and a 
heterobinuclear complex [NiCu(L10 )]4+ was also separated. 
Of the complexes formed by the pendent-arm macrocycles LiS 
and L17_L19 , the structures formed bi two of them were established 
by x-ray crystallography. In [Nl(L1 )OCIOs][CIO . ] the NIH Ion Is 
octahedra 1 wIth co-ord 1 nated perch lorate Ion 1 n a trans-pos 1 t 1 on to 
the co-ordinated pendent-arm, and in [Cu{L19 Hz)CI]CI the complex is 
a distorted trigonal bipyramid with only one of the two pendent 
carboxylate groups co-ordinated, and with the N-atom furthest from 
the pyridine ring protonated and non-co-ordinating. 
The ligands and diamagnetic complexes were studied by 1H and 
l·C n.m.r., and in several cases evidence found for more than one 
isomer in solution. The NiH and Cu H complexes were studied by 
u.v.-visible spectroscopy, and all of the complexes examined by fast 
atom bombardment (f. a. b.) mass spectroscopy. Magnet 1 c moments of 
the paramagnetic complexes were measured at room temperature, and 
most of the compounds analysed for their elemental composition. 
HACROCYCLIC LIGANDS DISCUSSED IN THIS THESIS 
[12]aneN4 [13]aneN4 
[15]aneN4 [16]aneN4 
Dlbenzo[14]aneN4 
~ 
C· 0 HN~ &J 
(CR) (CRH) 
*Ll: Rl _ R2 - Me 
L2: Rl _ H, R2 - Me 
L3, R1 - - CH2-<Q) , R2 - H 
*L13 , R1 _ H, R2 - -CH2CH2-N~ 
L14; R1 - H, R2 - -CH2CH2-NMe2 
L15 , R1 - H, R2 ~ -CH2CH2CH2-NMe2 
*L17 , Rl _ - CH2CN , R2 - Me 
*L18 ; Rl _ - CH2CN , -CH2CONH2, R2 - Me 
*L19; Rl _ -CH2C02-, R2 - He 
*L5, 
*L6, 
*L7, 
L8 , 
*L9, 
X~l 
X - 0, R1 - H, R2 - Me 
. X - H2' Rl .. H, R2 - Me 
X - H2r R1 _ R2 - Me 
X - Me, H, Rl - R2 - H 
X - H2r Rl _ R2 - H 
*These previously unreported compounds were synthesised as part of 
the work included in this thesis. 
0lAPTER I 
INmODUcrORY OIAPTER 
INTRODUCTION 
The research described in this thesis is concerned with the 
synthesis of new azamacrocycles and studies of the complexes they 
form with metal ions such as copper{II), nickel{II), zinc{II) 
cadmium{II) and lead{II). 
SECTION 1 HACROCYCLES (GENERAL) 
Ever since the isolation of naturally occurring macrocyclic 
ligands such as those found in chlorophyll, haemoglobin, and other 
heme-containing units (e.g., cytochromes), co-ordination chemists 
have continued to develop new synthetic macrocycles and to explore 
their rich co-ordination chemistry. Although the initial interest 
can be traced to a desire to understand the naturally occurring 
systems, and to model their behaviour, it soon became evident that 
th 1 sci ass of compound had remarkab Ie propert i es wh i ch warranted 
their careful investigation. Notable among the early discoveries 
were the especially robust phthalocyanines. Many of the complexes 
were found to have remarkable stability, and were often very inert 
to metal exchange and ligand substitution. Macrocyclic ligands were 
found to be capable of complexing a wide range of metal ions. For 
example, the unsaturated ring aza- and saturated thia-macrocycles 
were produced by the groups of Curtisl and Busch? A recogni tion 
that the oxygen donor macrocycllc ligands are capable of complexing 
the alkali and alkaline earth metal ions led to the development of 
new ionophores, notably the crown-ethers first made by Pedersen~ and 
the macrocycllc ligands of J. M. Lehn and co-workers', which were 
given the name of cryptands. Such work was parallel to the work on a 
recognition of the structures of the naturally occurring antibiotics 
2 
such as val inomycln and nonactin. The abi I i ty of such I igands to 
strongly complex the Ions of group Ia and IIa Is typicai of the 
unusual "behaviour often found in macrocycllc ligand chemistry. The 
progress so far has been well reviewed~-10 Notable among the 
discoveries made has been the ability to stabilise metal ions in 
uncommon oxidatIon states, both high and low (e.g., Cu3+, Ni 3+, and 
Ni+)!1,12 Important applications have already been found and no 
doubt many more will soon emerge. For example macrocycles find 
important uses in analytical chemistry (e.g., ion selective 
electrodes)13, and crown ethers are useful in organiC synthesis in 
enhancing the nucleophilicity of anions by 'freeing' them from 
cations in non-aqueous solvents!4 New hydrometailurgicai reagents 
are being developed15 , and new heterogeneous catalysts for selective 
oxidation chemistry (e.g., the use of metal phthalocyanines trapped 
in the cavities of zeolites)!6 It is, therefore necessary to discuss 
macrocyclic propertIes In some detaii as outlined in the next 
sections. 
SECTION 1.1 THE MATCHING OF MACROCYCLIC CAVITIES TO CATION 
DIAMETER 
There is a close relationship between the cation size (ionic 
radius) for which maximum stabillty of a complex is found for a 
given macrocycle hole diameter!7,18 This relatIonship has been 
extensively explored for polyether macrocycles, and some results are 
shown In Figure 1.1;8,19,20 
One can draw four pOints from this figure. 
3 
(a) Monovalent catIons show a small change In log K with the change 
In catIonIc radIus. 
(b) Polyether macrocyclic lIgands have a sharp selectIvity for 
certain cations over others which may be present in solution, for 
example di fferences in the stablli ty constant values for Ca2+ and 
Pb2+ is about a factor of 105 in magnitude for the ligands in Figure 
1.1. 
(c) Stability constants increase with charge for cations which have 
approximately the same radius, e.g., K+ (1.33 A) forms less stable 
complexes than 8a2+ (1.35 A) with the lIgands In Figure 1.1. 
(d) There are optimum stabili ties for both monovalent and divalent 
cations. The "goodness of fit" of cations with a certain radius is 
well establIshed by x-ray data!8,20 It Is also evident that as the 
hydration energy of the cations becomes predominant due to decreases 
In the catIon sIze, the stabIlIty of macrocyclic complexes are 
diminished. ThermodynamIc data for K+, Rb+ and Cs+ has shown the 
dependence of log K on both ~Ho and ~So. Recently there has been 
an increased Interest in determInIng the relationshIp between cavIty 
size and cationic radius In saturated azamacrocyclic ligands, 
despIte the dIffIculty caused by the way In which these ligands wIth 
dIfferent ring sIzes may well adopt very different conformations 
around the metal Ion?l Busch and co-workers22 have reported a number 
of straIn energy calculations for Co(IlI} and NI (II) complexes of 
12-16-membered tetraazamacrocycies coordinated in planar geometries, 
based on the vIsIble spectroscopic parameter Dq. The ideal metal to 
n~trogen bond lengths for dIfferent macrocycles are shown from these 
calculations In Table 1.1. The ideal bond lengths fall In the range 
o 
of 1.8-2.4 A. For example, the copper-nItrogen bond dIstance ranges 
go 
o 
-' 
FIGURE 1.1 
(FROM REF. 19) 
5 
4 
3 
.Co'· 
I I I I I I I I I 
o.G 0.7 0.8 Q9 LO 1.1 1.2 1.3 1.4 LS L6 1.7 
o 
Ionic: Crystal Radiu: af Cal i on (AI 
Plot of log K vs cation radius for the reactIon In aqueous solution, 
Hn+ + L - HLn+ where L - dlcyclohexyl-18-crown-6, Isomer A (.), 
dlcyclohexyl-18-crown-6 isomer 8 (I). T - 25°. 
4 
5 
• 2.03-2.10 A. AccordIng to these results, we can therefore conclude 
that the Cu2+ is the best Ion to fIt a [14]aneN4 ligand. SImilar 
work by Hancock, et aL. 23-26 revealed that a large metal Ion like 
prefers to complex the smaller macrocycle lIke 
[12]aneN4(cyclen), whIle [14]aneN4(cyclam) forms more stable 
complexes wIth smaller metal Ions. It has been demonstrated 
recently by Tasker, et aL27 that nIckel (II) forms more stable 
complexes wIth [16]-ane-02N2 macrocycle, FIgure 1.2. This is 
because there is a reductIon In the cavIty sIze of the 
• 02N2-macrocycle relatIve to Its N4 analogue by 0.04 A. More 
recently the same group21 has found that hIgh spIn nickel(II) 
o (radIus - 1.39 A) is readily oxidlsed to low spIn octahedral 
o 
nIckel (III) (radIus - 1. 30 A) to fIt dibenzo-14-ane-N4 macrocycle 
• 
wIth avaIlable cavity of 1.30 A. 
TABLE 1.1 
IDEAL METAL-NITROGEN BOND LENGTHS AND DEVIATIONS FROM 
PLANARITY OF TETRAAZAMACROCYCLES (CALCULATED FROM 
STRAIN-ENERGY CALCULATIONS FOR SQUARE-PLANAR 
COORDINATION OF THE LIGANDr FROM REF. 22) 
Ligand 
[12]-ane-N4 
[13]-ane-N4 
[14]-ane-N4 
[15]-ane-N4 
[16]-ane-N4 
Ideal M-N 
Length/A 
1.83 
1.92 
2.07 
2.22 
2.38 
DevIation from 
Ideal N4 Plane 
:I: 0.41 
:I: 0.12 
0.00 
:I: 0.14 
0.00 
FIGURE 1.2 
(THE RELATIONSHIP BET~EEN HOLE SIZE AND 
THERMODYNAMIC STABILITY FOR NICKEL COMPLEXES 
OF 02N2 MACROCYCLES 1 FROM REF. 27) 
6 
lOG K 
l~--~--__ ~ __ ~ 
~I LZ L3 
RING SIZE 
SECTION 1.2 DONOR ATOM TYPE AND NUMBER 
6 
The stablll ty of macrocycllc complexes Is greatly affected 
by the type and number of ring donor atoms. Frensdorff17 noted that 
subst I tut I on of nitrogen or su I fur for oxygen In 18-crown-6 (for 
nomenclature see Section 2.2) has a great effect, as shown by the 
data In Table 1.2, In producing macrocycles which have less 
affinity, or even no affinity, for alkali and alkaline earth metal 
Ions (hard Lewis acids )~8 The stab 11 I ty constants of these metal 
complexes were found to decrease In order of the decreasing 
7 
electronegatlvlty of the donor atoms, 0 > N > S. However, the 
effect of such substItution upon the complexation of sl1 ver (I) (a 
soft Lewis acid) was exactly the opposite. This may be due to the 
"soft" metal system providing some contribution to the covalent 
character of the metal-donor bond. An investIgatIon of varyIng the 
number of rIng donors without chang i ng the ring size shows that 
18-crown-5 is a much poorer donor for the r-butylammonium ion than 
18-crown-6. Also, in the case of Ag+ and Hg2+ an increase of 
complex stability is achieved by an increase in the number of donor 
atoms 'in the ring~9 
TABLE 1.2 
STABILITY CONSTANTS (LOG K) FOR THE FORMATION 
OF 111 COMPLEXES VITH THE LIGANDS A(CH2CH2OCH2CH2OCH2CH2)2B, 
FROM REF. 17) 
Pol yet her Log K 
A B K+ in MeOH Ag In H2O 
0 0 6.10 1.60 
NH 0 3.90 3.30 
NH NH 2.04 7.80 
5 S 1.15 4.34 
8 
SECTION 1.3 THE MACROCYCLIC EFFECT 
Macrocyclic ligands often form metal complexes which are 
considerably more stable than those of their open chain congeners. 
ThIs extra stabIlIty Is attrIbuted to the so-called macrocyclic 
effect. Cabbiness and Hargerum30 in work on cyclic tetraamine 
lIgands found that the macrocyclic effect is about ten times larger 
than the chelate effect observed for copper(II) complexes with 
multidentate open chain analogues. They employed visible absorption 
maxima (~max) to determine the approximate ~Ho values for copper(II) 
cyclic tetraamine complexes. The value obtained was -126 kJ mol-1 
which Is clearly higher than 6Ho values obtained for the related 
linear tetraamine complexes (Table 1.3). This is the case also in 
cyclic-polyethers, Frensdorff17 observed that the stability 
constants of the cyclic polyether complexes are increased over those 
of noncycllc congeners by 3-4 log K units. This enhanced stability 
of macrocyclic complexes is belIeved to be based upon both enthalpy 
and entropy terms. Several attempts have been made to dIfferentiate 
between the contrIbutions from each term. Margerum and his 
co-workers31 ,32 obtained a value of log K - 22.2 with, 6Ho - -130 kJ 
mol-1 and 6So - 8.4 J mol-1 K-1 using the temperature dependence of 
the equilibrium constant for Ni(II)-[14]-aneN4 complex (Table 1.3). 
In the light of these results it is the enthalpy contributions which 
govern the macrocyclic effect. A similar conclusion was reached by 
Dei and Gori~3 from their work on the copper(II) complexes of the 
same lIgands. However, Kodama and Kimura 34 have reported values for 
the enthalpy of formation of the Cu(II) complexes with [12]-ane-N4 
of -77 K J mol-1 (6So - 216 J mol-1 K-l), and by comparing these 
9 
TABLE 1.3 
COMPARISON OF THERM~£YNAMII PARAMETERS FOR THE 
FORMATION OF 111 Cu , Nl , AMINE COMPLEXES 
·IN AQUEOUS MEDIA 
log K t.Ho kJ mol-1 t.So J K-1mol-1 Ref. 
Ni(2,3,2-tet)2+ 15.3 -70.6 58.0 31 
Ni([14]aneN4)2+ 22.2 -130.0 -8.4 31 
Ni(5,1~-Me2-[14]-
aneN4) + 21. 9 -117.0 33.6 31 
Cu(2,3,2-tet)2+ 23.9 -116.0 24.4 38 
CU( Me6[14]aneN4)2+ 28.0 -126.0 113.0 30 
Cu([12]aneN4)2+ 24.8 -77.0 216.0 34 
Cu ([12 ]aneN4 )2+ 24.8 -95.3 152.0 37 
Cu([13]aneN4)2+ 29.1 -122.7 141.0 39 
Cu ( [14 ]aneN4 )2+ 27.2 -127.7 95.0 40 
Cu ([15 ]aneN4 )2+ 24.4 -111.3 95.0 37 
results with those obtained by Margerum's group, It is clear that In 
thIs case entropy has control of the macrocyclic effect. Also 
PaolettI and his collaborators 35 ,36 found that the entropy term was 
responsIble prImarIly for the macrocycllc effect, usIng the same 
conditions as Kodama did. Moreover, they concluded that the 
relative magnitude of the enthalpy contribution is critically 
dependent on the match between catIon and ligand cavity sizes for 
transItion metals. This dichotomy regardIng the origIn of the 
macrocyclic effect has led to the conclusion that It is not simply 
defined, and that dIfferent systems may respond differently to 
stabIlisIng factors. 
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SECTION 1.4 ElECTROCHEMICAL PROPERTIES 
Macrocyclic lIgands offer an unusual abIlIty to stabIlise a 
number of oxIdation states of a coordinated metal Ion. ThIs 
character has receIved a great deal of attentIon In the past few 
years~l, 12, 41-45 Fabbrizzi 46 demonstrated that both the high spin 
and low spin nickel (II) complexes of cyclam are oxidised more 
readily to nickel (III) species than the corresponding complexes of 
the open chain amine analogue (2,3,2-tet). The ring size has a 
great effect upon the redox properties of macrocyclic coordinated 
metals, and so the stabill ty of unusual oxidation states of metal 
ions in such complexes basically depends upon the constrained 
metal-donor dIstance. ThIs recognition led to extensive research 
into their electrochemistry to investigate the relationship between 
the ring size and the redox properties. Busch, et aL 43 in a 
comprehensi ve study, investigated the electrochemical behaviour of 
low-spin nickel (II) complexes of 27 tetraazamacrocycles. In this 
study they found that as the macrocyclic ring size decreases the 
Ni(II)/Ni(III) couple favours the trivalent state (E~ - +1.3, +0.9, 
+0.69 volts, for [16], [15] and [14]-ane-N4 respectiveiy). Also the 
Ni(I)/Ni(II) couple shifts towards greater stability for the 
mono-valent ion as the ring size increases, (E~ - -1.7, -1.57, -1.4 
volts for [141, [15] and [16]-ane-N4 respectively). Recently Suet, 
et aL 47 have reported the effect of changing the macrocyclic rIng 
sIze on the disproportionation of the Ag(I) catIon In rings of [14] 
to [20]-ane-N4 macrocycles. This study reveals that the Ag(I) forms 
stable complexes with [18] and [20]-ane-N4, whereas in the presence 
of [14] and [16 ]-ane-N4, disproportionation to Ag2+ occurs. More 
recently, Sauvage and his co-workeres48 have isolated and 
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characterised an air stable d9 nickel{!) catenate complex, in which 
the metal oxidation state is stabilised by interlocking of two rings 
of this macrocycle. The conclusion one can draw from these stUdies 
is that the redox potentials are ring size dependent, and the 
simplest explanation of these properties is that the metal ion will 
tend to adjust its size (ionic radius) by oxidation or reduction to 
fit ideally a given ring size (see Section 1.1), so producing 
acceptable redox properties for the resulting complex. 
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SECTION 2 SYNTHESIS AND COHPARISON OF DIFFERENT HACROCYCLES 
In the present decade numerous methods have been devised for 
the preparatIon of a vast array of macrocyclIc llgands?,7,9,lO,49 
Ring sizes can be varied from nine to thirty-two members, donor 
atoms can include nitrogen, oxygen, sulfur, phosphorus and arsenic 
or any combination thereof, the number of donor atoms can be varied 
anywhere from three to nine, unsaturation in the ring can be 
regu I ated from comp I ete I y saturated systems up to fu 11 y con] ugated 
molecules, and ligand field strength can be controlled In a 
systematic manner. The most widely used synthetIc routes are 
summarIsed In the next sectIons accordIng to donor atom types, 
together with a discussion of some of the different characteristics 
of each type of macrocycle. 
SECTION 2.1 POLYAZAHACROCYCLES 
There is consIderable interest in the preparatIon of 
nitrogen containing macrocycles, especIally by transition metal 
chemIsts, because of theIr coordinatIon behaviour to most of the 
fIrst-row trans i t I on elements, and because they are more close I y 
related to the naturally occurring macrocyclic lIgands than those 
compounds with oxygen, sulfur and phosphorus donors. The synthetiC 
routes to such compounds can be broadly classified as follows. 
(i) STANDARD ORGANIC SYNTHESIS 
Organic procedures employed in the synthesis of macrocycles 
are carried out in several steps to prepare linear amines followed 
by ring closure using high dilutIon technIques to avoid 
polymerisatlon side reactIons (for more details see Chapter 3). The 
drawback of th I s procedure is that somet I mes 1 t gIves very low 
) 3 
yields « 10%). 
(II) Richman and Atklns50 reported a useful procedure to prepare 
saturated polyazamacrocycles using deprotonated tosylated amlnes In 
dlmethylformamide (DHF) solution at 100oe, without the need for high 
dIlutIon, Scheme 1.1. The tosyl groups attached to the amines 
Increase their acIdIty to make It easier to form the nucleophIlic 
sodium salt A, which dIsplaces the OTs leaving groups In B. ThIs 
completes the cyciisation to gIve the fully protected macrocycle C, 
hydrolysIs of C wIth concentrated sulfurIc acid for 48 h gIves the 
protonated amine macrocycle. This method has found application In 
preparing saturated macrocycles with pendent arms containing a 
donating group~,51,52 The pendent group Is lIkely to be Important 
since on axial co-ordInation to a metal Ion It may enhance the 
coordination of another group from the other sIde to complete an 
octahedral geometry. Such lIgands may fInd applIcatIon In the 
synthes I s of an oxygen carr I er , or I n the che I at I on therapy of 
methyl-mercury(II) and other metal pollutants whIch are currently of 
environmental concern~3,54 
Ts Ts 
/~ 0\ Ts /N~ (YJ m 2Na + (Xln OHF ~N 0/ 100 ·c (Yl m (Xln "-NJ' Ts Ts Ts 
A. B C 
x - 0 or NTs 
y - X or pendent arm wIth donatIng group 
m - n - 1 .. 3 
Ts - Toluene-p-sulphonate 
SCHEME 1.1 
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(111 ) The th 1 rd approach55 , 56 to the synthes 1 s of azamacrocyc I es 
Invol ves cycllsatlon by forming amIde lInkages, followed by 
reduction of the cyclIc amide to gIve a sImple saturated amine 
macrocyc Ie, Scheme 1.2. Th I s procedure has the advantage that It 
does not need a protecting tosyl group, which Is often difficult to 
remove, and which tends to cause a reduction in the yield. 
~ 
ex NH2 x . NH 
'---/ 2 
x - NH or 0 or S 
Rl _ CI or OEt 
R2 - any substltuents 
R2 
1 
SCHEME 1.2 
-
y 
1 - reflux In EtOH 
2 - LlAlH4/THF 
Reflux 24 h 
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(1 v) The fourth procedure for the synthes 1 s of azamacrocyc I es 
invol ves the use of metal ions in situ (template reactions) f such 
metal ions control the steric course of a sequence of stepwise 
reactions by fixing the ligand geometry, I.e. by bringing the 
reactants into a favourable position to complete cycllsatlon and 
reduce the possibility of polymerisation. This procedure was first 
recogni sed by Curtls57, who used the direct condensation between 
metal amine complexes and acetone to produce multi-substituted 
macrocycles of many sizes. A typical Curtis synthesis is shown in 
Scheme 1.3. 
-
+ 
SCHEME 1.3 
Barefield, et aL58 prepared [14]-ane-N4 (cyclam) using the template 
method, by condensation between the primary amine groups of the 
tetradentate lIgand (3,2,3-tet) and glyoxal In the presence of NI2+, 
to produce a Schiff-base (dlimine) A, Scheme 1.4. Reduction of the 
imine gave a good yield of the nlckel(II) complex of the saturated 
amine B. The macrocycle Is liberated by reaction of complex B with 
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excess NaCN in aqueous solution at high pH. 
1 
• 
A 
2 
B 
(1) H20, cool to OOC, 4 h 
(2) ReductIon wIth NaBH4 at SoC (3) ReactIon wIth NaCN/NaOH 
SCHEME 1.4 
In situ reactIons have been employed for the synthesis of a large 
number of macrocycles containing pyridine residues, these are 
prepared by a condensation reaction between 2,6-dlacetylpyridlne or 
pyridlne-2,6-dlcarbaldehyde and appropriate linear amine complexes, 
Scheme 1.5, for more details see Chapter 2, and reference 49. 
R1 
r~;.> 
HZN-M-NHZ 
o 0 ~!!.Jlz 
" l8J R 
Rl _ R2 or Rl • pendent arm with donating group 
R2 - CH3 or H 
SCIEME 1.5 
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The metal ions most frequently empioyed for in situ macrocycllc 
synthesis are d-block metals. However, Drew et aL59 and others have 
reported template syntheses of such llgands using s-block metal 
ions. The main advantage of in situ synthesis Is normally the 
improved yields obtained by the addItion of metal ions. This is due 
maInly to the substantIal reductIon of sIde reactions such as 
polymerisatlon. It Is well known that Schiff-base macrocycles tend 
to be unstable in the uncomplexed state, and they are restricted to 
certain metals which are effective as templates. However, It has 
been found that the metal exchange Is possible In such Schiff-base 
macrocycllc complexes with metals which are not useful in direct 
template routes~O 
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The syntheses of azamacrocycles have expanded to Include 
cases in which two macrocycles can be linked together with 
hydrocarbon bridges either through the nitrogen donor or the carbon 
backbone. These new macrocycles are capable of incorporating two 
different metal ions at the same tima61 
SECTION 2.2 CYCLIC POLYETHER LIGANDS 
The first cyclic polyether "crown" was discovered 
accidentally by Pedersen in the late 1960's?2 The name "crown" has 
been adapted for these compoundsi examples are in Figure 1.3 which 
shows how the name I s composed of the rIng subst i tuents, and the 
total number of atoms in the main ring. Since Pedersen's discovery, 
the chemistry of these compounds has grown rapidly because of the 
unusual property they have in forming stable complexes with alkali, 
alkaline-earth and toxic heavy metal lons?3,64 
This exceptIonal stability arises from the close fItting of 
the metal ion into the hole in the centre of the I igand (Section 
1.1). The "crown" ethers have found their application in organic 
synthesis to promote the solubility of alkali metal salts such as 
KHn04 and KOH in organic solvents, where solubility of these salts 
can improve the reaction yield!4,65 Crystal structure 
determinations of compiexes formed by naturally occurring 
antibiotlcs66 and related synthetic macrocycles18 , 20, 67 reveal the 
basic similar! ty in their mode of co-ordination to alkali metal 
cations. 
Synthesis of polyether macrocycles can be achieved either by 
a condensation reaction between two reactants using the high 
dilution method, or in most cases by both condensatIon and in 
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FIGURE 1.3 
Polyethers "crown" shapes and nomenclature 
Trl-benzo-21-crown-7 
Tri-benzo- describes the non-ethylene oxy-content, 21-descrlbes the 
total number of atoms in the crown ring and 7- the number of hetero 
atoms in the ring. 
18-Crown-6 
1,7-Dlthla-15-crown-5 1, 10-0 1 aza-1B-crown-6 
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situ reactions at the same time. For example, using KOH as in 
reaction shown in Scheme 1.6, where the K+ ion is also acting as a 
template to enhance the cyclisation process~8 
SCHEHE 1.6 
Another class of polyethers are three dimensionai 
macrocycles, "cryptates"2, FIgure 1.4, which are bicyclic and contain 
nitrogen and oxygen donor atoms [e.g. N(CH2CH20CH2CH20CH2CH2)3N). 
These compounds have been developed by Lehn and hIs collaborators~7 
They can form more stable complexes with alkali metal ions than 
crown ethers69 , since the cation Is contained Inside the cavity of 
the cage (crypt). The cryptates are prepared by acylation of the 
diamlno heterocycle to gIve a di-amide followed by hydride reduction 
as shown in Scheme 1.7. 
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FIGURE 1.4 
The Cryptates and theIr nomenclature as desIgnated In reference 67 
by J. H: Lehn. 
[20· 20· 20 ] X - Y - 0 
[20· 205· 25] 3X - 0, X + 2Y - 5 
[20· 20· 2N] X - 0, Y - NCH3 
[2. 2. 8C] X - 0, Y - CH2 
(:'o~o--:, [28• 1. 1] m - n - 0 N}O~otN [28· 2. 1] m - 0, n - 1 ~O O~ [28· 2. 2] m - n - 1 W n 
The symbol in brackets describes the nature of the hetero atoms and 
their numbers, and structure variations of the bridges. 
1\ fO 01 
HN NH 
~o oJ 
'-" 
1 ) 
2) 
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SCHEl1E 1.7 
Again the chemistry of these ligands has been the subject of 
interesting research In which the hard oxygen donor is replaced with 
nitrogen or sulfur atoms to give new ligands capable of coordInatIon 
to transition metal Ions70,71 The coordInatIon chemistry of these 
ligands have been InvestIgated usIng x-ray crystallography~O i.r., 
n.m.r. spectroscopy72 and f.a.b. mass spectroscopy~4 
SECTION 2.3 CYCLIC POLYTHIAETHERS 
Hacrocycles contaInIng sulfur donor atoms have not been as 
extensIvely Investigated as those of analogous polyazamacrocycles 
and cyclIc polyethers. This Is partly due to synthetic dIffIculties 
arIsIng from the preparatIon of precursor lInear polydentate 
ligands, and the relatively poor yields afforded by ring closure 
usIng the high dllution technIque. Also these compounds are much 
poorer I n the 1 r coord 1 nat 1 ng ab III ty compared wIth the ana logous 
polyazamacrocycles. However, despIte these problems macrocycles of 
thIs type have revealed Interesting propertIes due to their 
flexibility. ThIs Is shown by the dIfferent modes of coordInatIon 
they adopt wIth dIfferent classes of metal ion. For example, an 
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exo-conformatlon73 ,74 wIth large metal Ions, and an 
endoconformatlon75 where the metal Ion can fIt the macrocyclic 
cav I ty .. CyclIc thioethers have receIved much attention as simple 
models for blue copper proteins whIch are known to contain thiolate 
or thioether donors?6,77 
Also, their ability to coordinate to "soft" (class b) metal 
ions has Increased their importance in co-ordInation chemistry. In 
additIon to thIs, they have applIcatIons as solvent extractants for 
mercury{II) and silver{I), to increase the solubility of such metal 
ions in organic solvents?8 
Gould and Schr~der79 have synthesIsed [9]-ane-S3 and 
[18]-ane-S6 by direct condensation of bis-(2-mercaptoethyl)sulphide 
and 1,2-dichloroethane, where the ring closure process takes place 
under the hIgh dIlutIon technique. The dicopper{I) complex of the 
large rIng macrocycle was isolated and Its x-ray crystal structure 
reported. Recently \.lieghardt, et 01.80 reported an octahedral 
palladium(II) complex of [9]-ane-S3' \.lIth each metal ion 
coordinated to two macrocycles. However, the introduction of 
template reactions in the preparation of cyclIc polythiaether 
ligands has improved the reaction yield dramatically. For example, 
yields obtaIned for the preparatIon of 1,4,7-trithiacyclononane 
usIng a condensation reactIon In a hIgh dllution procedure was < 
5%81, whereas this compound can be obtained in yIelds up to 60% by 
InvolvIng a suItable metal Ion~2 Sellmann and Frank83 have 
synthesised dibenzo-[18]-ane-S6 in very good yield using an in situ 
reaction with routes summarised in Scheme 1.8. 
(,51 r(VS'~e/S'T()l 
~5/1 '5.)..8J 
c 
a 
r5~ 
©(5 S-yry 
5 S~ 
~SV 
SCHEHE 1.8 
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Synthesis of macrocycles containing exclusively sulfur and 
having unsaturatlon In the macrocycllc ring (similar to the pyridine 
containing macrocycles In Section 2.1) are relatively few. ThIs is 
because unsaturatlon tends to lower the nucleophillcity of the 
sulfur atoms of thioethers by InvolvIng their lone pair of electrons 
In rr-bondlng. One such ligand based on a 2,5-thiophene lInkage has 
been synthesised and its copper complex was Isolated~4 However, 
pyrIdIne contaInIng thioethers have been prepared recently by lehn 
and his co-workers85 using the condensation reaction between 
propane-l,3-dlthlol with 2,6-dl(bromomethyl)pytldlne to give 1 + 1 
and 2 + 2 adducts. Rhodium and palladium complexes of these 
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ligands have been reported. The chemistry of these ligands has been 
reviewed~6,87 
SECTION 2.4 POLYPHOSPHORUS HACROCYCLES 
The first metal complex containing a coordinated phosphino-
group of a macrocycle was described in 1974~8 Since that time 
considerable interest in the syntheses and complex formation 
reactIons of polyphosphorus macrocycles has grown~9-95 Phosphorus 
donors are well known for their properties of stabilisIng low 
oxIdatIon state metal Ions, and thIs, in combination wIth the 
macrocyc 11 c effect dIscussed I n Sect i on 1.3, makes th 1 s area an 
attractive one. So far, most phosphorus macrocycles which have been 
reported contain other donors such as 5, 0, and N, Figure 1.5. 
E - 0 or S or NH 
FIGURE 1.5 
Kyba, et aL:6 published the synthesis of trl- and tetra-phosphorus 
macrocyc 1 es us I ng the high d 11 ut 1 on procedure as shown 1 n Scheme 
1.9. 
SCHEME 1.9 
P-b "> 
©(P P .. Ph 
".pJ 
Ph 
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.Hore recently97 the same group have reported the preparation 
of macrocycles with secondary phosphino ligating sites in which 
alkylation to introduce pendent arms are possible. Hoiybdenum(O) 
and rhodlum(I) complexes of the parent macrocycles have also been 
prepared. Use of the template reaction In the synthesis of 
polyphosphorus macrocycles was first introduced by Rosen?8 who 
prepared a tetraphosphorus macrocycle by the reaction between the 
nickel (II) complex of tetradentate phosphorus chelate and 
«,«'-dlbromo-o-xylene. This was followed by treatment of the 
complex with excess sodium cyanide to give the free ligand. The 
nickel (II) complex of this macrocycle was prepared and characterised 
after Its purification. Nelson99 and his group reported the effect 
of some metal Ions to organise the in situ synthesIs of pentadentate, 
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N3 P2 macrocycles. From this study only silver(I) and cadmium(II) 
were found to be suitable for their template synthesis. 
SECTION 2.5 POLYARSENIC HACROCYCLES 
Although arsenic donors are well known for their ability to 
stabilise high oxidation states of coordination metals;OO and its 
chelates have been known for a long time;00,101 very few examples 
of arsenic macrocycles are reported in the literature!02,103 This 
is probably due to the difficult synthesis of such macrocycles, and 
the poisonous nature of arsenic compounds. However, recently 
Kauffmann and Ennen104 have published the syntheses of several 
arsenic macrocyclic ligands, most of them in poor yield, and no 
meta 1 comp 1 exes have been reported. The preparat 1 on of some of 
these compounds is shown in Scheme 1.10. 
~h ~AsLi 
Ph-As 
GtsLi 
Ph 
~h 
rAs~ 
Ph-As As-Ph 
0 ASJ 
J 
Ph 
( 1 8 % ) 
(l /\ ;Ph 
Cl Cl \ AS) 
------ Ph-As 
50·( G~s 
Ph 
Ph 
Ph 0~S')/Ph CAS AS) 
As As /' I , . ~ }" Ph ~As,-/ Ph 
. , 
Ph 
SCHEHE 1.10 
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CHAPTER II 
SYNTHESIS AND STUDY OF SOME TETRA DENTATE AZAMACROCYCLES 
AND THEIR NICKEL(II), COPPER(II) AND ZINC(II) COMPLEXES 
29 
SECTION 1 INTRODUCTION 
During recent years considerable interest has been shown In 
synthesis of tetradentate pyridine containing macrocycles and their 
metal complexes!05-112 This is largely due to the relative ease of 
their synthesis. The synthesis, reduction and characterisation of 
some new quadridentate pyridine containing macrocycles and their 
nickel (II), copper(II) and zinc(II) complexes are reported In the 
next sections. 
SECTION 2 
SECTION 2.1 
RESULTS AND DISCUSSION 
SYNTHESIS OF 3,7, 11-TRIMETHYL-3, 7, 11, 17-TETRAAZA-
BICYCLO[11.3.1]HEPTADECA-1(17),13,15-TRIENE, L1 
I I 2 l R = R • M~ 
l2 ·RI.H.R2.M~ 
l I 1 l R. CHth.R a H 
FIGURE 2.1 
Nickel (II) Ion was employed as a template to promote the 
condensatIon reaction between the readily avaIlable linear 
tridentate amine (5-methyl-l.9-diamlno-5-azaheptane) and 
pyrldlne-2,6-dicarbaldehyde. to produce the Schiff's base shown in 
Scheme 2.1 (page 60). Th I s product was reduced in situ us 1 ng NaBH4 
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in an aqueous ethanolic solution, and the cyclic amine L2 (Figure 
2.1> was liberated from the N1 2+ ion In 43% yield using sodium 
cyanide!13 The trimethyl macrocycle L1 (Figure 2.1) was prepared 
from L2 usIng the method of Clarke, et aL114 (formaldehyde and 
formIc acid) to fully methylate the secondary amine groups: 
Unlike L2, which is a crystalline solid, L1 is a pale yellow viscous 
oil at room temperature. This is almost certainly due to the 
i ntroduct i on of the extra methy 1 groups, and the remova 1 of the 
secondary amine groups, which removes the ligand's capabill ty for 
intermolecular hydrogen bonding. The purity of L1 was established 
by an elemental analysis (Table 2.1, page 55), and by the 1H and 13C 
n.m.r. (Table 2.2, page 56). The macrocycle Ll (FIgure 2.1) has a 
plane of symmetry through the pyridine and N-He (R2) atoms and shows 
the expected nine 13C n.m.r. resonances. No impurity was evident In 
the 13C n.m.r. spectrum. 
SECTION 2.2 SYNTHESIS OF NICKEL(II) COMPLEXES OF LIGAND L1 
Section 2.2.1 Four Co-ordlnate Nickel (II) Complexes 
Four co-ordinate nickel(II) complexes of Ll were prepared as 
described in the experimental Section 5.2 (page 59). There are four 
possIble isomers for [NUL1)]2+ (Figure 2.2), two of which, (III) 
and (IV) , are an enant i orner 1 c pa i r. These isomers ar 1 se from the 
different positions of the coordinated N-He groups, either above or 
below the macrocyclic plane. 
3J 
(I) (III 
Ult) elVl 
FIGURE 2.2 
Possible isomers of the [Nl(Ll)]2+ Ion. Isomers (III) and (IV) 
are enantiomers. 
The 13C n. m. r. spectra of these three i somers are 
characteri sticall y di fferent as shown In FIgure 2.3 (the chemical 
shifts are In Table 2.2, page 56). Isomer (1) can be prepared by 
mixing equlmolar amounts of ethanollc solutions of [Ni(H20)6](C104)2 
and L1, and the reactIon mIxture left to stIr at room temperature 
overnIght. 
DurIng thIs tIme the colour of the solutIon changes from 
green to blue, and fInally a red solId precIpItate. ThIs 
observatIon Is In close agreement wIth the recent related stUdy by 
BarefIeld and hIs collaborators!15 
In order to ascertaIn the conformatIon of isomer (I) two 
dImensional 400 MHz, 1H n.m.r., and 1H nuclear Overhauser 
enhancement studies were carried out. ReferrIng to FIgure 2.4 In 
whIch the aromatic protons are labelled a and b and the alIphatIc 
protons c-J, the followIng assIgnments were made for the nlckel(II) 
complex of L1 based on chemical shIfts, Integrals, spin-spin 
coupling patterns, and coupling constants, 6 7.93 (a, t, 1H), 7.26 
160 
FIGURE 2.3 
Proton decoupled 13C n.m.r. of the three posslble lsomers 
of [Nl(L1)](CI04)2 In CD3N02 
61.9 
120 80 
'J V \..101-...-_- ....-._...- ....... laTIlor(lVI1 
40 
~Wo ~h--Ul) 
62.7 
""-" (I) 
I 
4/p.p... 0 
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(br dr 2H), 4.11 (cr dr 2H), 3.66 (dl d, 2H), 3.35 (l + 2 equIvalent 
NAfel overlapping, Sand dr 8H), 2.89 VI mr 2H), 2.53 (sIngle NAfere 
Sr 3H), 2.18 (gr dl 2H), 1.85 (h and i, mr 4H), 1.68 Cjr d, 2H). 
N.O.e. dIfference spectra were recorded wIth IrradIatIon at 
the frequenc I es of resonances j, g, c, d, 2 equ I va lent NAfe + e, f and 
sIngle NMe. 
FIGURE 2.4 
LabellIng scheme for the protons in [Ni{L1)]2+ ion 
The followIng proximal protons were revealed by each of 
these experIments {Irradiated resonances fIrst, followed by enhanced 
resonances in parentheses),c (b, d, 2 equivalent NMe2 + e, f), d (b,· 
c; 2 equivalent NMe + e,· g), f (c,· 2 equivalent NMe + e, g, J), single 
NMe (2 equivalent NAfe + e, II, ;). It Is Interesting to note that 
IrradIatIon of the resonances from the 2 equivalent NMe groups 
enhanced the resonance from the th 1 rd NMe and vice versa, show I ng 
undoubtedly that all three methyl groups are poIntIng on the same 
side of macrocyclic plane. 
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Addition of an ethanolic solution of an equimolar amount of 
[Ni(DHSO)6](CI04)2 to a solution of Ll in ethanol gave a solid which 
when recrystallised from nitromethane-ethanol gave red crystals of 
[Ni(L1)](CI04)2' which were found by 13C n.m.r. to be the pure 
symmetric isomer (II), Figure 2.2. The lH-decoupled l3C n.m.r. 
spectrum in [2H]3-nitromethane of this isomer is compared with those 
of the other isomers in Figure 2.3, and chemical shifts are given in 
Table 2.2 (page 56). When this preparation was repeated, the 
product was found to be a mixture of the symmetric isomer (I) and 
asymmetric isomers [(III) and (IV)]. It is reported that isomer (I) 
readily isomerises to (III) and (IV), and (III) and (IV) equilIbrate 
with largely (II) and some (I) in aqueous solution. 115 We found that 
when hydrated nickel(II) perchlorate was used In the preparatIon of 
[Ni(Ll )](CI04)2 instead of the dimethyl sulphoxide solvate, the 
. product obtained was the symmetric isomer (I), as described 
previously. We conclude that (II) is the preferred isomer in 
solutions of coordinating solvents (and other unidentate anionic 
ligands, Section 2.2.2), and that (I) is a kinetically formed first 
product. 
To obtain the asymmetric isomers [(III) and (IV)], a sample 
of the symmetr~c complex (I) was dissolved in water and heated at 
85°C for 20 h, and the solutIon was then slowly concentrated, when 
orange crystals of the asymmetric Isomer of [Ni(Ll )](CI04)2 
preCipitated. The structure of this isomer was confirmed by l3C 
n.m.r. in solution (Figure 2.3 and Table 2.2) and by an x-ray 
crystallographic stUdy (see Section 2.2.3). 
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The visible spectra of the [NI(L1)](CI04)2 isomers In 
nltromethane solutIon are shown In Table 2.3 (page 57), and are as 
expected for diamagnetic square-planar nIckel (II) complexes. The 
La.b. mass spectrum of [Nl(L1)](CI04)2 shows a cluster of peaks 
centred at m/z 433 as calculated for [NI(L1)CI04 ]+. ThIs behavIour 
Is in the same as that observed In our prevIous studles!13 
In earlIer studles,116 It has been shown how the rate of 
He-N inversions can be accelerated in the [NI (tmd ]2+ Ion (tmc -
1, 4,8, Il-tetramethyl-1, 4,8, 11-tetraazacyclotetradecane ) by the 
addItIon of co-ordinating solvents such as DHSO, and it Is not 
surprising, therefore to find a sImIlar behavIour for the [NI(L1)]2+ 
Ions. Foster, et aL 115 reported the rate and equllibri urn constants 
for the equIlIbratIon of (I) and (II) In aqueous sodIum perchlorate 
solutIons, and our synthetIc observatIons confIrm that thIs 
1 somer 1 sat Ion occurs. In add 1 t 1 on we have observed that when a 
solutIon of Isomer (I) is held at 358 K in the non-coordInatIng 
solvent nitromethane, there Is a slow equIlIbratIon with (III) and 
(IV). ApproxImate data for the rate of Isomerisation Is gIven In 
Table 2.4, based on integration of the 13C n.m.r. resonances shown 
1 n FIgure 2.5. The approx 1 mate rate constant for the approach to 
equilIbrIum (sum of the forward and reverse rate constants) is 1.82 
X 10-7 s-1 at 358 K, and the approxImate equIlIbrIum constant, [(III 
+ IV)/(I}] - 3.0. 
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FIGURE 2.5 
Variation of the proton decoupled 13C n.m.r. spectrum of 
[NI(L1)](Cl04)2 Isomer (1) held In nltromethane-d3 at 358 K for 20 
days. 
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TABLE 2.4 
Variation of the relative amounts (%) of isomer (I) and (III) + (IV) 
with time in nitromethane solut~ons of [Nl(L1)](C104)2 at 358 K 
(based on Integrals of the Me-N 1 C n.m.r. resonances at 5 45.21 and 
43.69 p.p.m., Figure 2.3). 
(I) 
(III) + (IV) 
1 
52 
48 
tId 
8 20 
34 25 
66 75 
SectIon 2.2.2 FIve and SIx CoordInate NIckel (II) Complexes of Ll 
In the presence of eIther coordinating solvents, or anions 
such as CI- or NCS- or N02-, the favoured isomers have the 
N-configuration of (II), Figure 2.2. This is shown by crystal 
structures of the aqua-115; DHSO (B) and chloro- (C) complexes 
(Section 2.2.3). The microanalytical data, visible spectra and 
magnetic moments are collected in Tables 2.1 and 2.3 (page 55 and 
page 57, respectively), and confirm that these complexes are 
five-coordinate paramagnetic species. With oxalate ion the visible 
spectrum and analytical data are consistent with a bridged 
c~-octahedral structure of the type found prevIously for the 
analogous complex of L2.113 The latter deduction Is confirmed by a 
crystal structure of [{L1)NI-{IL-OX)-NHL1)](CI04)2 (complex D) as 
shown In Section 2.2.3. The paramagnetic IH n.m.r. spectrum of 
[NI (L1 )CI ]CI04 In [2H]3-nitromethane (recorded at 368 K) extends 
from ca + 247.15 to -16.57 p.p.m. The central protons of the propyl 
group (C -CH2-C) appear upfleld of tetra-methyl sIlane, at 6 -16.57 
and -5.72 p.p.m. (each of relatIve area 2), and the pyrIdIne para 
proton at 6 7.64 p. p. m. (relatIve area 1), whereas meta protons are 
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at 10.49 p.p.m. (relative area 2). The CH3-N group (relative area 
3) appears at 690.44 p.p.m. and the two equivalent CH3-N groups 
(relative area 6) apear at 6 111.26 p.p.m. The remaining six 
resonances of reiative area 2 appear at 6 33.41, 47.31, 126.73, 
136.63 and 247.15 p.p.m. with two resonances overlapping at 6 33.41 
p.p.m. (reiative area 4). The spectrum is entirely consistent with 
a single symmetric species and most likely isomer (II) (Figure 2.2). 
The f.a.b. mass spectra of [Ni(L1)X]+, with x - Ci-, NCS- and N02-
gave a cluster of parent Ion peaks centred at m/z 369, 392, and 380 
respectively. Complex (0) gave a cluster of peaks centred at m/z 
858 as expected for [(L1)Ni(~-OX)Ni(L1)Ci04]+ (M + 1). 
sect I on 2.2. 3 Crysta 1 and Ho 1 ecu 1 ar Structure of Four, Five and 
Six Coordinate Nickel (II) Complexes of Ll 
Crystal data for [NI(L1)](C104)2 (A) [the asymmetric isomer 
(III) or (IV)], [NI(L1)(OHSO)](C104)2 (B), [Nl(L1)(CI)]CI04 (C) and 
[(L1)Ni-(~-OX)-Ni(L1)](CI04)2 (D) are collected in Table 2.5, (B) 
and (C) were found to be five-coordinate complexes of the symmetric 
Isomer (II), Figure 2.2, whereas the structure of complex (0) is 
c~-octahedral with the two macrocyclic units adopting the same N-He 
chirallties around the nickel{II) ions as found for (B) and (C). 
DESCRIPTION OF THE STRUCTURES 
ISOMER (A). The NI atom adopts a square-planar geometry, with no 
additIonal co-ordinated lIgand. The methyl groups on N(2) and N(4) 
are on opposite sides of the macrocycllc ring (Figure 2.6)' this 
arrangement reduces the ability of the macrocycle to fold, and 
hinders the entry of a fifth lIgand Into the Inner coordination 
sphere. As expected for a low-spin d8 system, in comparison to 
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hIgh-spIn systems, the Ni-N distances (Table 2.6, page 66) are 
sIgnIfIcantly shorter than In (8), (C) or (0), though they have a 
relatIvely large spread of values. The NI-N (pyrIdIne) bond Is 
shorter than the other NI-N dIstances as found previously in related 
structures!09 
COMPLEXES (8) AND (C): (Figures 2.7 and 2.8): The N 12+ Ion adopts 
a square-pyramIdal geometry, sltt'lng above the basal plane by ca. 
o 0.37 A, and wIth the unidentate lIgand In the basal plane In a uans-
FIGURE 2.6 
Vlew of Molecule (A) Showing the Atomic Numberlng 
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posItIon to the pyridine-N atom, the macrocycle Is folded about the 
N(2) to N(4) axIs, and the apex Is occupIed by N(l) as shown In the 
sketch below. 
x - unidentate lIgand such as DMSO or CI 
Th 1 s con format 1 on allows eas I er N-Me 1 nvers Ion at N (1) as 
observed. The NI-N bond lengths are very similar In (B) and (C), 
• 
with those to the pyridine N atom the shortest {1.97-1.98 Al. The 
bond angles are close to those of a regular square pyramid, with 
X-NI-X angles across the basal plane of ca. 1570 • As well as the 
aqua-complex,115 this geometry has also been found In a related 
macrocycllc complex (NI (L 3 )CI ]C104, (for the structure of L 3, see 
Figure 2.1, page 29).117 
COMPLEX (D) I The x-ray determination confirmed the expected 
structure, and shows that the oxalate Ion Is tetradentate forming a 
bridge between the two nickel atoms as shown In the following 
sketch. 
Compound 
M 
System 
Space Group 
Absences 
alA 
b#. 
c#. 
aI' 
I3f 
1f 
U/Ao3 
Dc'g cm-3 
Z 
J,L(Mo-Ka)cm -1 
F(OOO) 
Reflections; 
Total 
[UG(r) ~ 3.0] 
Observed 
28ma:! 
Range (28) 
about KOC1 -Koc2 f 
Speed (28)f 
min-1 
Crystal dimensions! 
mm 
Final R(RI) 
Weighing factor 
g 
Largest peak 
on b.F 
maple ~3 
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TABI...E 2.S 
Crystal data for [Ni(L 1)][CI04h. (A); [Ni(L 1)(DMSO)][Cl04h. (B); 
[Ni(L1)Cl]CI04• (c); and [(L1)Ni-(J,L-OX)-Ni(L
1)][CI04]2' (D) 
(A) (B) (C) (D) 
CI6HzaC~N4Ni08 C18H34C~4Ni08 C18H34C~N4Ni09S C34H56C~N8Ni2012 
534.0 556.1 470.0 956 
Monoclinic Orthorhombic Triclinic Monoclinic 
Cc Pn21a pI P21/e 
hkl.h+kt2n; hkOh t2n; None hOl.l t2n.OkO.k t2n 
hOI. lt2n Okl.k+lt2n 
10.043(3) 17.361(6) 7.425(2) 8.394(2) 
13.842(3) 12169(3) 10.322(3) 20.270(9) 
15.473(9) 12626(2) 13.933(4) 12410(3) 
90 90 83.53(2) 
91.65(4) 90 75.52(2) 101.2(2) 
90 90 84.19(2) 
2150.2(1) 2667(1) 1024.3(5) 2071(1) 
1.65 1.38 1.52 1.53 
4 4 2 2 
121 10.2 124 11.09 
1112 1168 492 1004 
1m 1855 3626 402S 
975 711 2039 1978 
50 45 50 50 
:U.2 +1.0 to -0.9 :f:0.9 ±l.t 
1.5-29 1.5-29 1.2-29 3-290 
0.19 x 0.24 x 0.13 0.04 x 0.25 x 0.15 0.07 x 0.13 x 0.12 0.27 x 0.075 x 0.13 
0.090 (0.094) 0.084 (0.088) 0.043 (0.042) 0.071 (0.066) 
0.007 0.003 0.0006 0.0017 
0.9 (near Ni) 0.8 0.4 0.9 
~ C(12) ~. C(lli 0 ~IO) 
(i) 
(iI) 
FIGURE 2.7 
Two views of molecule (8), 
(I) showing the atomic numbering 
conformation, 
(II) showing the folded geometry. 
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" 
and general 
(i) 
(ii) 
FIGURE 2.8 
Two views of molecule (C), 
=.-:0... ~ 
(1) showing the atomic numbering and general conformation, 
(11) showIng the folded geometry 
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In the ortep picture (Figure 2.9) the geometry around the 
nickel (II) Ion Is ciS-octahedral, and the structure has a plane of 
symmetry halfway between the carbon atoms of the oxalate group, wIth 
the two pyridIne rIngs in trans-positions to each other. It Is 
evident from the trans-angle N(2)-Ni-N(4) of only 158.2°(3) (Table 
2.6, page 66), that the lIgand is unable to accommodate the present 
geometry entirely satisfactorily. Another distortion arises as 
shown by the angle of 78.90 (2) between the oxygen atoms which is 
controlled by the bIte of the oxalate ion. Ni-N and N-O distances 
are standard values for a high spin nickel (II) Ion. The 
Ni-N(pyridine) distance Is shorter than the others as is observed In 
complexes (A), (8) and (C). Einstein, et aL.118 have reported an 
x-ray structure o~ a dimeric nickel complex of [16]-ane-N4 with an 
oxalate bridge, and the general mode of oxalate coordination is very 
sImilar to that found In complex (D). 
SECTION 2.3 COPPER (II) AND ZINC (II) COMPLEXES OF L I 
In genera I copper (II ) and zInc (II) comp I exes of L 1 were 
prepared by add 1 ng a so I ut 1 on of L lIn ethano I to an equ 1 mo I ar 
amount of the DHSO or aquo-solvents of the metal perchlorates, or to 
FIGURE 2.9 
View of the cation, [(Ll)NI-(~-OX)-NI(Ll)]2+ showing the atomic numbering. 
There Is a centre of symmetry In the middle of the oxalate group. 
Po 
\J'I 
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Zn(N03).6H20, experImental details are gIven In SectIon 5.4. The 
copper(II) complex precIpItates soon after the mIxIng, but in the 
case of the zInc(II) complexes dry diethyl ether was added dropwise 
to cause precIpitation. Yields of the perchlorate salts were 80-90%, 
and startIng from Zn(N03)2 the yield was 65%. The products analysed 
as [M(L1)](Cl04)2.nH20 (M - Cu, n - 1 or Zn, n - 0) and 
[Zn(L1)](N03)2.H20 (Table 2.1, page 55). The vIsible spectrum of 
[Cu (L 1) ](C104)2 eIther In ni tromethane or in dimethyl sulphoxide 
solvents (Table 2.3, page 57) are comparable to those found 
previously for analogous four coordinate systems!13 The shoulder at 
506 nm in ni tromethane sol ution of [Cu (L 1 ) ] (C104)2 was resolved 
using Gaussian deconvolution as described in Section 3.2. The 
magnetic moments (Table 2.3) are in the range expected for a d9 
copper(II) complex. The f.a.b. mass spectrum of the [CU(L1)](CI04)2 
shows a cluster of peaks centred at m/z 438 as calculated for 
[Cu(L1)Cl04]+ Ion. 
ZINC(II) COMPLEXES: 
The 13C n.m.r. spectral data are collected in Table 2.2, and 
show that in [2H]3-nitromethane solution [Zn(L1)](N03)2 is a mixture 
of symmetric and unsymmetric isomers, in a 1:3 ratio respectIvely, 
whereas [2n(L1 )OMSO](Cl04)2 is a mixture of both symmetric species, 
in the ratio of 1:1, with an extra resonance at 639.95 p.p.m. 
attributed to coordinated dimethyl sulphoxlde (the spectrum is shown 
in Figure 2.10). The structural deductions are based on the total 
number of carbon resonances observed, and the data are similar to 
those found in our earlier studies of [Zn(L2)]X2 (X - C104 or 
N03 )!13 
FIGURE 2.10 
13C N.m.r. spectrum of [Zn(L1)DMSO](CI04)2 In [2H13-nltromethane recorded at 298 K. 
x x 
I x x I 
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SYNTHESIS OF 3,7, 11-TRIHETHYL-3,7, 11, 17-TETRAAZA-
BICYCLO[11.3.1]HEPTA DECANE (L4) 
The reduction of imine functions to produce secondary amine 
groups in a coordinated macrocyClic ligand is well known. A number 
of methods and reagents have been used for this reduction, including 
BH4-' and H2 over heterogeneous catalysts such as platinum and Raney 
nickel. Recently Barefieldl19 reported the reduction of a pyridine 
ring in the nickel{II) complex of the macrocycle <CRH). In this 
reduction the hydrogenation was carried out using a Parr 
hydrogenator (50 PSI H2) and Raney nickel (W-2) as catalyst. 
However, in our earlier studies113 we found that this method gave 
only partial reduction of the pyridine ring of [Ni(L2»)2+ after 24 
h. Therefore, the reduction of [Ni(L2)]2+ was carried out by 
increasing the hydrogen pressure, and the temperature, to give a 
fully saturated macrocycllc nickel (II) complex. The reduction of 
the pyridine ring in [Ni(L1»)2+ was accomplished by using freshly 
prepared Raney nickel (W-2) catalyst with an increase in the 
hydrogen pressure and temperature, and even longer reaction time. 
The macrocycle (L4) was liberated from nickel (II) complex by 
reacting the aqueous solution of [Ni(L4)]2+ with excess NaCN, and 
the ligand extracted with dichloromethane. L4 is a colourless low 
melting solid. The IH decoupled 13C n.m.r. spectrum in 
[2H]3-nitromethane of the free macrocycle (Figure 2.11), shows nine 
resonances, as expected, with three of them located in the upfield 
region. 
IH n.m.r. assignments for L4 was greatly facilItated by use 
of two dimensional homonuclear correlation spectroscopy (COSY). The 
COSY spectrum 1 s shown in Figure 2.12 wh i ch allows for eas i er 
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FIGURE 2.12 
COSY spectrum of L4 In [2HJ3-nltromethane. 
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IdentIfIcatIon of the spIn coupling network of the individual proton 
sIgna Is. Accord 1 ng to structure 2.13 shown be 1 ow ,In wh 1 ch the 
protons·are labelled a-m, the followIng assIgnments were made; 
K " 
FIGURE 2.13 
6 0.78 (I,' 11,' 2H), 1.2-1.29 (j .. Ie; 11,' 3H), 1.50 (h .. i,' m, 4H), 1.60 (g,' 
m, 1H), 1.80 (f, m, 2H), 1.89 (sIngle NMe, s, 3H), 1.90 (e, d, 2H), 
2.00 (2 equIvalent NMe, s, 6H), 2.17 (d,' t, 2H), 2.51 (b .. c .. m,' m, 
6H), 2.8 (a,' m, 2H). 
1H nuclear Overhauser enhancement (n.O.e.) dIfference 
experiments were carried out to ascertain the conformation of the 
free macrocycle (L 4) and to obtaIn further InformatIon concernIng 
the geometry of piperid Ine rIng 1 n thl s new macrocycle. N .0. e. 
difference spectra were recorded '11th Irradiation of the frequencies 
of resonances d, b/c, I and the 2 equ I va 1 ent N-Me groups. The 
followIng proxImal. protons were revealed by each of these 
experiments (Irradiated resonance fIrst, followed by enhanced 
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resonances in parentheses) I d (e, ble, ~ 2 equ i va lent N-Me) ble (/, f, a, h, 
j, k); l(j, Ie, g, d, ble), 2 equi valent NMe (d, ble, hli). It is InterestIng to 
note that irradIation of the resonances from b or d enhanced the 
resonance from I and vice versa, show 1 ng that the pIper 1 dIne rIng 1 sIn 
the cha 1 r form. 
Several attempts were made to prepare potentIally 
quinquedentate macrocycles by attackIng the NH group of the 
pIperIdIne ring of L 4 with 2-picolyl chlorIde, acryloni trlle and 
formaldehyde/cyanide. However, these attempts faIled probably 
because of steric hindrance. 
SECTION 3.2 COPPER(II), NICKEL(II) AND ZINC(II) COMPLEXES OF L4 
The metal complexes of L4 were obtained following the 
genera I procedure descr I bed pre v 1 ous I Y (see Sect Ions 2.2 and 2.3). 
The complexes gave the expected microanalyses (Table 2.1). The 
f.a.b. mass spectra of [Nl(L4 )](CI04)2 and [Cu{L4 )](CI04)2 show a 
cluster of peaks centred at m/z - 440 and 445 as calculated for 
[NI(L4)CI04]+ and [Cu(L4)CI04]+ respectIvely. In addition, a strong 
peak is observed at m/z - 383 from both complexes, attrIbuted to the 
protonated ligand [L4.H2CI04 J+, and indIcatIng that the metal 
complexes of L4 are not that stable (a sample spectrum is shown In 
Figure 2.14 for [Cu(L4)C104]+). Protonated ligand peaks are not 
observed In the f.a.b. mass spectra of more stable complexes such as 
[M(Ll)J2+, M - Ni, or Cu. 
The 13C n.m.r. spectra in [2H]3-nitromethane of the low spin 
nickel(II), and zinc(II) complexes reveal the presence of two 
symmetric species in a 111 ratio in both cases. These observatIons 
are similar to those reported previously for an analogous system. 113 
S3 
The vIsIble spectrum of (Cu(L4»)(CI04)2 In nltromethane solvent 
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FIGURE 2.14 
Fast atom bombardment mass spectrum of [CU(L4)CI04 ]+ [In a matrix of 
erythro-l, 4-dimercapto-2, 3-butanediol and threo-1, 4-dlmercapto-2, 3-
butane diol in a ratio of 1:5, 8 KeV xenon plasma). 
shows a major band at 573 nm, and a shoulder at 492 nm, the spectrum 
was resolved using Gaussian regression analysis to find the two 
overlapping wavelengths (see Appendix). 
It is interesting to note that the visible spectrum of 
[Ni(L4})(CI04)2 In nltromethane (a non-coordinating solvent) and in 
dimethyl sulphoxide, pyrIdine, acetonitrile and water (normally 
coordinating solvents) are almost Identical. The colour of the 
complex In solution Is red in all solvents, and no change in the 
spectra and the colour was observed even after two weeks. This 
behaviour contrasts with that observed for[Ni(L1 )](CI04)2 (Section 
2.2), In which the colour of the complex in solution is blue and 
green 1 sh-bl ue In water and dImethyl suiphoxide respectl vel y, for 
[NHL1 »)(CI04)2 the visIble spectra In coordInating solvents are 
typical of those for five-coordinate species. The dIfferent visIble 
spectra of the nIckel (II) complexes of Ll and L4 must be related to 
sterlc effects. To fully understand the observed effect, we can 
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refer to the x-ray structure of the nIckel (II) complex of the 
reduced pyrIdIne macrocycle (L2) reported In our earlIer study!13 
The macrocycle In its nickel (II) complex has a configuration in 
which the two nonplperldine N-H groups, the N-CH3 group, and 
hydrogen atoms at asymmetric carbons, point above the plane of 
macrocyc1e, whIlst the N-H of the pIperIdIne Is located below thIs 
plane. If we assume this Is the case also In the structure of 
[NI(L4 )](C104)2' wIth all methyl groups polntI~g to the same side of 
the macrocycllc plane, strong sterlc InteractIons occur wIth solvent 
mo I ecu 1 es enter I ng on ax 1 s, thereby prevent I ng the I r bInd 1 ng. In 
[NI(L1 )](CI04 )2' whIch readIly Isomerises to structure (II) (Figure 
2.2) in the presence of donor mo 1 ecu I es, the so I vent can eas 11 y 
co-ordInate wIthout any sterlc hindrance. 
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TABLE 2.1 
CombustIon analyses (%), observed values In parentheses 
Compound Formula C H N 
L1 C16H28N4 69.5(69.2) 10.2(10.1) 20.3(20.1) 
[Ni(L l)](CIO 4)2 C16~C~N4Ni08 36.0(35.7) 5.3(5.0) 10.5(10.3) 
[Ni(L I)DMSO)(CIO 4)2 CI8H34C~N4Ni09S 35.3(35.4) 5.6(5.6) 9.2(9.1) 
[Ni(L I)Cl)CIO 4 C16H28CI2N4NI04 40.9(40.8) 6.0(5.9) 11.9(11.8) 
[Nl(L 1)(NCS»)CIO 4 C17H28CIN5Ni04S 41.5(41.7) 5.7(5.7) 14.2(14.4) 
[Ni(L1)(N02)]CI04 C16H28CIN5Ni06 40.0(40.0) 5.9(5.9) 14.6(14.5) 
[L INi(/L-OX)NiL 1)(C10 4)2 C34H5~IzN8NIz°12 42.7(424) 5.9(5.9) 11.7(11.6) 
1 [Cu(L »)(CI04)2·HZO C16H30Cl2CuN409 34.5(34.5) 5.4(5.4) 10.1(9.9) 
[Zn(L 1»)(N03)2'~O C16H3oN607Zn 39.7(40.1) 6.3(5.9) 17.4(17.1) 
[Zn(L 1)](CIO 4)2 C16H28C~N408Zn 35.5(35.7) 5.2(5.8) 10.4(10.8) 
[Ni(L 4)](CI04)Z C16H34C~N4Ni08 35.6(36.4) 6.3(6.8) 10.4(10.4) 
[Cu(L ~](CI04)2.1~O C16H3~~4Ni09 33.7(33.9) 6.5(6.3) 9.8(9.7) 
[Zn(L ~)(CI04)2 C16H34C~N408Zn 35.2(35.5) 6.3(6.4) 10.3(10.2) 
TABLE 2.2 
13C N.m.r. Chemical Shifts (s/p.p.m., reference, SiMe4) at 298 K in CD 3N02 solution 
unless specified otherwise (relative populations in parentheses) 
N-CH2-C N-CH3 C-CHZ-C 
Compound Isomera 
Pyridine 
Ortho Para Meta ~-N 
Ll b 
Ll c 
[Ni(L 1)](CIO 4)2 
[Zn(L l)](N03)2 
(I) 
(II) 
(III) or (IV) 
159.19(2) 
157.91(2) 
158.70(2) 
157.66(2) 
158.62 
137.13(1) 
136.34(1) 
143.77(1) 
143.68(1) 
144.14(1) 
(I) or (II) 155.18(2) 143.80(1) 
(III) or (IV) 155.77(2) 143.09(1) 
[Zn(Ll)DMSO](C10-V2d (I) or (II) 
(I) or (II) 
154.98(2) 144.26(2) 
155.61(2) 144.33(1) 
L4c 
[Ni(L ~](CI0-V2 
[Ni(L'1](CIO -V2 
[Zn(L ~](CIO 4)2 
[Zn(L ,)](CIO 4)2 
First Isomer 
Second Isomer 
First Isomer 
Second Isomer 
aFor assignment of isomers see Figure 22 
b In CD3N02 
123.26(2) 64,67(2) 55.82(2) 
122.56(2) 64.08(2) 54.87(2) 
121.87(2) 73.02(2) 62.70(2) 
122.49(2) 72.07(2) 61.90(2) 
122.56(2) 72.89(1) 62.62(1) 
72.17(1) 55.16(1) 
12493(2) 64.60(2) 60.69(2) 
124.57(2) 64.60(1) 61.32(1) 
64.60(1) 59.05(1) 
124.90(2) 62.83(2) 60.39(2) 
12496(2) 64.31(2) 61.25(2) 
53.82(2) 
53.33(2) 
0095(2) 
59.83(2) 
00.49(1) 
52.83(1) 
00.50(2) 
00.69(1) 
56.94(1) 
59.01(2) 
59.15(2) 
44.05(2) 43.13(1) 
44.02(2) 43.46(1) 
49.32(2) 45.17(1) 
49.24(2) 45.46(1) 
48.35(1) 48.19(1) 
4391(1) 
46.82(2) 41.13(1) 
45.86(1) 45.24(1) 
45.24(1) 
46.26(2) 41.26(1) 
47.57(2) 46.88(1) 
25.64(2) 
25.09(2) 
21.96(2) 
21.68(2) 
22.07(1) 
ZJ.59(1) 
23.61(2) 
23.61(1) 
22.69(1) 
22.92(2) 
23.41(2) 
6694(2) 56.30(2) 54.20(2) 51.89(2) 43.74(2) 40.02(1) 32.35(2) 25.9O(1) 25.69(2) 
71.92(2) 61.22(2) 56.76(2) 56.84(2) 45.87(2) 44.79(1) 26.80(2) 2277(1) 21.67(2) 
63.96(2) 60.71(2) 54.15(2) 51.99(2) 42.12(2) 41.70(1) 30.55(2) 24.28(1) 22.34(2) 
67.42(2) 65.07(2) 61.72(2) 54.26(2) 45.22(2) 43.51(1) 30.39(2) 24.07(2) 22.35(1) 
66.41(2) 64.67(2) 54.08(2) 46.82(2) 40.17(2) 39.25(1) 30.08(2) 23.09(2) 2287(1) 
eIn CDCl3 
dCoordinated dimethyl sulphaxide (DMSO) at S • 39.95 p.p.m. 
eln CD3NOzsolution at 290 K 
1.11 
0"\ 
TABLE 2.3 
U.v.-Vlslble Spectra [~max/nm (e/dm3 mol-I cm-I )] 
and Magnetlc Moments of Nl2+ and Cu2+ Complexes of LI and L4 
Complex Isomer Colour 
Magneticc 
Moments 
RM. aNitromethane 
[Ni(L l](Cl0-Y2 (III) or (IV) Orange 478(215) 
[Ni(L 1)](Cl0-Y2 .. 473(233) 
[Ni(L 1)](CIO 4)2 (I) Red 498(215) 
[Ni(L 1)](ClO4)2 (I) Red 502(239) 
[Ni(L 1}J(ClO4)2 (II)d Green-blue 
[Ni(L 1})(ClO~2 (II) Blue 
[Ni(L l)Cl]ClO 4 (II) Green 3.0 397(170), 632(61}, 828(36), 916(24) 
[Ni(L l)NCS)ClO 4 (II) Blue 3.1 372(351), 586(78), 780(55), 908(33) 
[Niq:, 1}N02PO 4 (II) Blue 3.0 375(70), 598(36), 824(25}, 916(33} 
[(L )Ni-{I.L-QX)Ni(L 1)](OO,v2 Blue 3.1 378(83), 606(45), 8J8{sh) , 980(67) 
[Cu(L 1»)(CIO ~2 Purple 17 506(sh}, 584(331} 
[Cu(L l»)(CIO 4)2 Blue 
[Ni(L ~(CIO ~2 e Red 510(238) 
[Cu(L ](CIO ~2 Purple 17 492(sh), 573(401) 
[Cu(L ~J(ClOh Blue 
aSolvents 
b[Ni(Ll»)(aO~2 Isomer (I) has ~max • 498 in the solid phase 
cDetermined by the Evans method (ref. 120) in nitromethane solution 
dparamagnetic five coordinate DMSO complex of Isomer (II) (see crystal structure) 
e~max at 512 (217) in pyridine solvent and ~max at 508 (222) in acetonitrile solvent 
~max(e ) 
aWater 
372(sh), 592(37), 
769(25}, 898(35) 
602(228) 
498(226) 
aDimethyl Sulphaxide 
372(sh), 606(61}, 
768(43), 898(35} 
607(262} 
515(213) 
54O(sh), 594(340) 
Reference 
This work 
115 
This work 
115 
This work 
.. 
lJ1 
"-oJ 
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SECTION 4 EXPERIMENTAL 
The experimental techniques and instrumentation are 
described in Chapter 7. 
CHEMICALS AND SOLVENTS 
All chemicals used in the preparation were reagent grade and 
were used without further purification. Deuterated solvents (99.9% 
[2H]) were used as supplied, or dried over 4A molecular sieves when 
necessary. AR solvents were used to run u.v.-vislble spectra. These 
solvents, and NuJol mulls for l.r. samples, were dried over 4A 
molecular sIeves. Elemental analyses were obtained commercially. 
[M{DMSO)n]{CI04)2, M - Ni, Cu n - 6, M - Zn, n - 4 were prepared as 
described In the 1lterature!21 The catalyst Raney nickel (W-2) was 
prepared from nickel-aluminium catalyst alloy using a published 
procedure-!22 
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SECTION 5.1 PREPARATION OF 3, 7, Il-TRIHETHYL-3,7, 11, 17-TETRA-
AZABICYCLO[11.3.1]HEPTADECA-l(17},13,15-TRIENE (Ll) 
"7-Hethyl-3,7,11,17-tetraazabicyclo[11.3.1] hepta deca 1(17), 
13,15-triene (L2) (6.0 g, 24.9 mmol, prepared as described113 , 
Scheme 2.1 overleaf) was dissolved In 98% formIc acid (20 cm3) and 
formaldehyde (20 cm3 of 40% aqueous solution) was added. After 
heating at 900 C for 24 h, the solution was cooled to room 
temperature, and then basified to pH 12 with 15% aqueous NaOH. The 
product was extracted with dichloromethane (5 x 100 cm3 ), the 
comb i ned extracts dr 1 ed with anhydrous MgS04 ' f 11 tered, and the 
solvent removed wIth a rotary evaporator to leave a yellow 011. The 
" oil was dIstilled with a Kugelrohr apparatus to give a pale yellow 
011 (5.07 g, 18.36 mmol, 75% yIeld, b.p. 95-980 C at 0.01 mm Hg), 1H 
n.m.r. (CDCI3' ref. SI(CH3)4 at 6 - 0.00) 1.50 (4H, pentet), 2.00 
(3H, s), 2.24 (4H, t), 2.34 (4H, t), 2.42 (6H, s), 3.69 (4H, s), 
7.13 (2H, d) and 7.58 (lH, t) p.p.m. The combustion analyses are In 
Table 2.1 and the 13C n.m.r. chemical shifts are in Table 2.2. I.r. 
(thin film), no N-H stretch. Electron impact mass spectrum, m/z 276 
(calc. 276 for H+). 
SECTION 5.2 PREPARATION OF THE NICKEL{II) COMPLEXES OF Ll 
(1) [Nl(L1)](Cl04}2' Isomer (I), 
A solution of Ll (1.0 g, 3.62 mmol) in ethanol (10 cm3) was 
added to a solution of [Nl(H20)6](CI04)2 (1.32 g, 3.62 mmo!) in 
ethanol (15 cm3), to give a green solution. This was left to stIr 
at room temperature overnIght, and during thIs tIme the solution 
changed colour to blue, and finally red crystal s of isomer (1) 
precipi tated. These were collected by fl1 tratlon and washed with 
CHJ r~) 
NH2 . NH2 
o 0 
ltvN~ 
lSJ 
i) NaBH4 
o 0 
II II 
HCHI HCOH 
• 
Ni Cl2 - 6 H20 
-EtOH I H20 
-
CHJ 
I 
r~20 
N-Ni-N 
W 
CH 3 
r~) 
CH3~NCH3 
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ethanol (3 x 5 cm3) and diethyl ether respectively. The yield was 
(1.6 g, 3.0 mmol, 83%). The structure of the complex was confirmed 
by two-dimensional IH n.m.r. (SectIon 2.2.1, page 30). 
(II) [NI(L1}](CI04}2' Isomer (II), 
Ll (1.0 g, 3.62 mmol) In ethanol (10 cm3) was added to 
[NI(DMSO}6](Cl04 )2 (2.63, 3.62 mmo!) In ethanol (20 cm3) to give a 
mixture of a blue and red solid. Th 1 s was f 11 tered and 
recrystallised twIce from a mIxture of nitromethane and ethanol (20 
cm3, la3), to gIve red crystals whIch were found by 13C n.m.r. to 
be the symmetric isomer (II) (60% yield). The 13C n.m.r. spectrum 
Is shown In FIgure 2.3, page 32. 
(iii) [Ni(L1}](CI04}2J Isomer (III or IV), 
A sample of the symmetric complex Isomer (I) (1.0 g, 0.187 
mmol) was dissolved in water (25 cm3) and heated at 850C for 20 h, 
and the solutIon was then slowly concentrated to ca. (5 cm3), when 
orange crysta 1 s [I somer (III) or (IV)] preci pI tate. These were 
collected by fIltration, washed with ethanol (3 x 10 cm3) and 
diethyl ether respectIvely, to give the product 250 mg In 25% yield. 
The structure of the complex was confIrmed by 13C n.m.r. and x-ray 
crystallographic studies (Sections 2.2.1, page 30, and Section 
2.2.3, page 38, respectIvely). 
(Iv) [Nl(L1)DHSO](CI04>2: DHSO - dimethyl sulphoxlde: 
[NI(L1)](CI04)2 (200 mg, 0.37 mmol) was added to a solutIon 
of dimethyl suiphoxide (117 mg, 1.5 mmol) In nitromethane (3 cm3). 
The product precIpItated as a blue solid upon addition of ethanol (5 
cm3), and thIs was fIltered and washed with dlethyl ether (3 x 5 
cm3) to give [NI(L1}DMSO](CI04}2 (210 mg, 0.34 mmol) in 92% yield. 
62 
(v) [NI(L1)NCS]CI04: 
To a stIrred solutIon of [NI(L1)](CI04)2 (250 mg, 0.47 mmol) 
In ethanol (5 cm3) was added a solutIon of NaSCN (76 mg. 0.937 mmol) 
In ethanol (5 cm3), and the mIxture was left to stIr overnIght at 
room temperature. The resultIng blue solId was fIltered and 
recrystallised from nitromethane/diethyl ether (1:3, 16 cm3) to give 
[NlCL1)NCS]C104' (200 mg. 0.41 mmo!) In 87% yIeld. 
(vi) [NI(L1)N02]CI04= 
[Nl(Ll)](CI04)2' (200 mg. 0.37 mmol) was dIssolved In water 
(10 cm3) at 1000C and added to a solutIon of sodIum nItrIte (509 mg, 
7.4 mmo 1) in water (5 cm 3) . The react I on mIxture was heated at 
1000 C for 30 mInutes, and on coollng blue crystals precipitated. 
These were collected, washed with cold water (3 cm3), ethanol (3 x 5 
cm3) and dried under vacuum to give [Nl(Ll)N02JCI04' (100 mg, 0.21 
mmol) In 56% yield. 
(vII) [NI(L1)CI1CI04= 
A solution of [NI(Ll)](CI04)2 (500 mg, mixture of symmetrIc 
and asymmetric isomers) in water (25 cm3) was carefully transferred 
to a column (300 x 25 mm) packed with Sephadex C-25 resIn (10 g) 
whIch had been swelled in dIstilled water. ElutIon with 0.4 moi 
dm-3 aqueous NaCI moved a green band (chloro-complex of symmetrIc 
Isomer) followed by an orange-red band (asymmetrIc Isomer) which 
were co 11 ected separate 1 y . Slow evaporat I on of the water over a 
long per 1 od of tIme (1 week) afforded green crysta 1 s from both 
bands. These were recrystallised from chloroform, and found to have 
identIcal analyses and vIsIble spectra. We conclude that the 
unsymmetric isomer slowly isomerises to the chloro-complex of the 
symmetrIc isomer In aqueous chloride media. 
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(viii) [(Ll)Ni(~-OX)NI(Ll)](CI04)21 (OX - oxalate Ion) 
To a stirred solutIon of [Ni(L1)](CI04)2 (250 mg, 0.47 mmol) 
In hot water (50 cm3) was added a solutIon of Na20X (188 mg, 1.4 
mmol) in water (2.5 cm3). The mixture was heated to 1000 C for 30 
minutes, then allowed to cool slowly, whereupon blue crystals of the 
product precipitated. These were filtered, washed with a little cold 
water, and air dried to give [(L1)NHIL-OX)NHLl»){CI04)2' (185 mg, 
0.19 mmol) in 83% yield. 
SECTION 5.3 CRYSTALLOGRAPHY 
For all compounds data were collected with a Syntex P21 
four-circle diffractometer, reflections were scanned around the 
Ka1 -Ka2 angles, with variable scan speed depending on the intensIty 
of a 2-.S pre-scan, backgrounds were measured at each end of the scan 
for 0.25 of the scan time. All data were taken at 290 K. Three 
standard reflections were monitored every 200 reflections1 In each 
case they showed a slight decrease during data collection, the data 
were rescaled to correct for this. Unit cell dimensions and 
standard deviations were obtained by a least-squares fit to 15 
high-angle reflections. Reflections with I/o(I} ~ 3.0 were used In 
refinement, and corrected for Lorentz polarisation but not 
absorption effects. For each structure (except as noted below) the 
heavy atom was located by Patterson techniques and the light atoms 
were then found on success i ve Four i er syntheses. Hydrogen atoms 
were given fIxed IsotropIc thermal parameters, U - 0.07 A2. Those 
defined by the molecular geometry were Inserted at calculated 
pOSitions and not refined, methyl groups [included only for (C) and 
(D)] were treated as rIgid CH3 units with their InItial orientation 
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taken from the strongest peak on a difference Fourier synthesis. 
Final refinement was by cascaded least-squares methods, wIth 
anIsotropic thermal parameters for all atoms other than hydrogen in 
(C), but I n (A), (B) and (D) a I so nitrogen atoms were kept 
isotropIc, In view of the limited number of strong reflections. A 
weighting scheme of the form W - 1/ [,,2 (F) + gF2] (for g see Table 
2.5) was used, and In all cases was shown to be satisfactory by a 
weight analysis. Computing was with the SHELXTL system123 on a Data 
General DG30. Scattering factors In the analytIcal form and 
anomalous dIspersIon factors were taken from ref. 124. SpecIfIc 
points were as follows. 
fOR (A) The crystals were small pInk blocks obtaIned from 
slow lIquId diffusion of ca. (114, 10 cm3) CH3N021EtOH solutIon. The 
crystals bounded by {110} and {001}, which diffracted only weakly. 
The systematic absences indIcate eIther space group C2/e or Ce. The 
former would require two-fold molecular symmetry, unlIkely on 
chemIcal grounds, and therefore the latter was chosen initially and 
shown to be correct by the successful refinement. Structure 
solution was somewhat difficult because of the false symmetry of Nt 
atom, the CI04- ions were descrIbed as rigid tetrahedral (CI-O 1.40 
o A), but the hIgh thermal parameters strongly suggest partial 
disorder. In view of this, and the weak dIffractIon the relatively 
hIgh R value was consIdered satIsfactorIly, It is possible that some 
further dIsorder affects the (CH2)3 chaIns, as the bond lengths were 
rather far from standard values. No attempts were made to defIne 
the absolute confIguration of the chosen crystal. 
FOR (8) The crystals were obtained as small blue flakes by 
slow lIquId dIffusIon of a solutIon of [NI(L1)](CI04)2 In a mIxture 
of DHSO,CH3N02 (1,2) Into EtOH 5 parts. SystematIc absences 
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IndIcated eIther space group Pnma or Pn2]Q (non-standard settIng of 
Pna2]). The automatIc Patterson solutIon routIne of SHELXTL applIed 
1 n both· space groups gave successfu I resu I ts for Pn2 ~ but not for 
Pnma. StartIng from one NI and one el posItIon the full structure 
was bu 11 t up by success 1 ve Four I er syntheses, the pseudo-symmetry 
caused some problems that were resolved by the removal and insertion 
of suspect atoms when necessary. The e104- ions were treated as 
o 
rigid bodies (el-O 1.4 A), allowing for shrInkage due to high 
thermal motIon. The largest peak on the fInal dIfference synthesIs 
(0.8 eX-3) lay near to the S atom and suggested possIble dIsorder of 
the eH3 groups In the OMSO lIgand. Other peaks are concentrated 
around el(1), and In view of the hIgh thermal parameters for 
0(11}-0(14) they may also have a second partIally occupIed posItIon. 
The small number of reflectIons made It ImpossIble to InvestIgate 
thIs further. 
FOR (e) The crystals are small green prIsms, and were 
obtained by a slow evaporatIon of a chloroform solution of the 
complex. It was excellently behaved In data collectIon, structure 
solutIon and refInement. 
FOR (0) The crystals were obtained as blue needles by slow 
dIffusion of ethanol (4 cm3) Into a nitromethane solutIon of the 
complex (2 cm 3). The crystals have a tendency to twIn, but after 
some searching a small untwinned crystal was found. The crystals 
were monoclinic, systematic absences indicated space group P2]/c. 
Principal bond lengths and angles for (A}-(O) are given in 
Table 2.6 and atomIc coordInates In Table 2.7. 
66 
TABLE 2.6 
Principal bond lengths ().) and angles (0) for 
(A) , (B) , (C) and (D) 
(A) [Ni(L 1)](CI04)2 
Ni-N(1) 1.99(2) Ni-N(2) 1.86(2) Ni-N(3) 1.82(2) 
Ni-N(4) 2.09(3) 
N(l)-Ni-N(2) 98.7(1.3) N(2)-Ni-N(4) 164.5(1.2) N(2)-Ni-N(3) 86.0(1.3) 
N(I)-Ni-N(4) 96.7(1.3) N(1)-Ni-N(3) 175.2(1.3) N(3)-Ni-N(4) 78.8(1.4) 
(B) [Ni(L l)(OMSO)](CIO ~ 2 
Ni-N(1) 204(3) Ni-N(2) 218(3) Ni-N(3) 1.97(3) 
Ni-N(4) 2.08(3) Ni-0(10) 201(2) 0(101)-S 1.44(3) 
S-C(I) 1.72(4) S-C(2) 1.84(4) 
N(I)-NI-N(2) 98.5(1.0) Ni-Q(101)-S 150.1(1.6) N(3)-Ni-N(4) BO.7(1.1) 
N(I)-Ni-N(4) 100.4(1.1) 0(101)-S-C(2) 108.0(1.7) N(4)-Ni-0(101) 98.5(1.0) 
N(2)-Ni-N(3) 83.3(1.1) N(1)-Ni-N(3) 105.7(1.0) 0(101)-S-C(1) 105.9(1.7) 
N(2)-Ni-0(101) 90.5(1.0) N(1)-Ni-0(101) 97.0(1.0) C(1)-S-C(2) 99.3(1.8) 
N(3)-Ni-0(101) 157.1(1.0) N(2)-Ni-N(4) 157.9(1.0) 
(C) [NI(L I)Cl]CIO 4 
Ni- N(l) 2027(4) NI-N(2) 2.119(5) Ni-N(3) 1.976(3) 
Ni-N(4) 2119(5) Ni-Cl(2) 2300(1) 
N(1)-Ni-N(2) 98.8(2) N(3)-Ni-Cl(2) 156.6(1) N(2)-Ni-N(4) 156.0(2) 
N(I)-Ni-N(4) 98.9(2) N(I)-NI-N(3) 104.2(2) N(3)-Ni-N(4) 79.7(2) 
N(2)-Ni-N(3) 80.4(2) N(I)-Ni-Cl(2) 99.3(1) N(4)-Ni-Cl(2) 96.0(1) 
N(2)-NI-Cl(2) 96.9(1) 
(D) [(L l)Ni(JL-OX)Ni(L l)](CIO ~2 
Ni-O(I) 2124(6) Ni-N(I) 2157(7) Ni-N(2) 2187(7) 
Ni-N(3) 1.989(7) Ni-N(4) 2200(7) Ni-0(2) 2.069(3) 
0(1)-C(1) 1.245(9) 0(2)-e(1) 1.275(10) C(l)-C(ta) 1.503(15) 
O(1)-Ni-N(1) 167.9(2) 0(I)-Ni-N(2) 929(3) 
N(I)-Ni-N(2) 91.9(3) 0(1)-Ni-N(3) 88.8(3) 
N(1)-Ni-N(3) 103.1(3) N(2)-NI-N(3) 79.1(3) 
0(1)-Ni-N(4) 87.0(3) N(1)-Ni-N(4) 926(3) 
N(2)-Ni-N(4) 158.2(3) N(3)-Ni-N(4) 79.1(3) 
0(1)-Ni-0(2) 78.9(2) N(1)-NI-Q(2) 89.4(2) 
N(2)-Ni-0(2) 99.4(2) N(3)-NI-Q(2') 167.5(3) 
N(4)-Ni-0(2') 102.0(2) 
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TABLE 2.7 
Atomic co-ordinates (x 104) for 
complexes (A), (B), (C) and (D) 
Atoms X y Z Atoms X y Z 
(A) 
Ni 5000 1493(2) 7500 C(1) 3813(32) 3270(21) 7934(19) 
Cl(1) 1618(11) 1000(6) 9102(6) C(2) 5241(34) 3341(25) 6574(21) 
0(11) 2553 1700 8672 C(3) 4095(30) 3065(22) 5910(18) 
0(12) 2280 82 8880 C(4) 4300(30) 1842(21) 5708(18) 
0(13) 1969 1132 9995 C(5) 2509(29) 1069(23) 6627(19) 
0(14) 471 1084 8860 C(6) 4441(36) 375(23) 6042(20) 
Cl(2) 8446(8) 1057(5) 5896(5) C(7) 4754(32) ·321(23) 6797(19) 
0(21) 7815 384 5350 C(8) 4682(33) -1415(23) 6956(23) 
0(22) 8971 1802 5398 C(9) 5105(38) -1818(19) 7645(19) 
0(23) 7529 1438 6466 C(10) 5464(29) -1236(22) 8363(19) 
0(24) 9478 605 6369 C(11) 5575(46) -273(33) 8189(28) 
N(l) 5072(35) 2928(11) 7550(23) C(12) 5698(37) 331(24) 8934(20) 
N(2) 3992(24) 1359(17) 6477(14) C(13) 7479(57) 1413(32) 8462(31) 
N(3) 5050(32) 179(12) 7520(22) C(14) 5807(30) 2247(19) 9247(18) 
N(4) 6057(37) 1240(23) 8663(21) C(15) 6496(32) 3091(22) 8861(18) 
C(16) 6352(32) 3291(23) 7928(20) 
(B) 
Ni 7066(3) 5000 4353(3) C(2) 9020(21) 7157(33) 3422(26) 
Cl(l) 3517(7) 4700(9) 4247(10) C(3) 5904(25) 4518(31) 6065(29) 
0(11) 3281 4051 3392 C(4) 7172(22) 5287(28) 6657(26) 
0(12) 4202 4276 4662 C(5) 7615(21) 4191(27) 6748(27) 
0(13) 2947 4692 5029 C(6) 8217(19) 4042(33) 5872(26) 
0(14) 3637 5778 3904 C(7) 8523(25) 3783(36) 4082(32) 
Cl(2) 9543(7) 509(8) 4380(9) C(8) 7448(22) 2757(29) 4807(27) 
0(21) 9912 -118 3602 C(9) 6887(17) 2670(24) 3969(22) 
0(22) . 9814 1589 4355 C(10) 6459(22) 1722(28) 3491(26) 
0(23) 9697 65 5379 C(11) 5886(22) 1916(34) 2845(28) 
0(24) 8748 498 4203 C(12) 5582(22) 2937(27) 2657(29) 
0(101) 7851(13) 6206(20) 4443(18) C(13) 5932(19) 3816(25) 3172(23) 
S 8108(8) 7293(11) 4159(10) C(14) 5638(18) 4986(32) 3089(26) 
N(l) 6550(16) 5288(20) 5778(21) C(15) 6673(23) 6072(30) 2283(29) 
N(2) 7920(18) 3806(22) 4873(21) C(16) 5972(22) 6813(31) 3853(26) 
N(3) 6552(16) 3695(22) 3771(20) C(17) 5689(22) 6696(35) 4901(28) 
N(4) 6289(19) 5766(22) 3342(21) C(18) 6195(19) 6364(27) 5790(26) 
C(1) 8455(23) 7871(32) 5308(28) 
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Atoms X Y z Atoms X y Z 
(C) 
Ni 2770.2(8) 2048.8(7) 2179.9(5) C(4) 4(7) 116(5) 2347(4) 
CL(I) 7415(2) 6761(1) 3250(1) C(5) -512(7) 778(5) 3288(4) 
0(11) 7812(10) 6795(7) 2239(4) C(6) -1944(7) 455(6) 4084(4) 
0(12) 8954(8) 7104(5) 3549(5) C(7) -2352(8) 1226(7) 4861(4) 
0(13) 7188(8) 5479(6) 3665(5) C(8) -1359(7) 2278(6) 4841(4) 
0(14) 5919(8) 7566(7) 3581(5) C(9) 91(7) 2552(5) 4026(4) 
CI(2) 5869(2) 1755(2) 1375(1) C(1O) 1244(7) 3698(5) 3850(4) 
N(1) 1861(5) 3289(4) 1136(3) C(11) 3820(8) 4654(6) 2567(5) 
N(2) 3080(5) 3437(4) 3127(3) C(12) 2795(9) 5263(6) 1809(5) 
N(3) 503(5) 1789(4) 3261(3) C(13) 2954(8) 4469(6) 926(4) 
N(4) 1938(5) 276(4) 1827(3) C(14) -161(7) 3689(6) 1420(4) 
C(I) 2291(8) 2662(6) 172(4) C(15) 3155(9) -798(6) 2210(5) 
C(2) 1453(8) 1372(7) 200(4) C(16) 4409(8) 2797(7) 3709(5) 
C(3) 2284(8) 208(7) 736(4) 
(D) 
Ni 1135.1(12) 942.9(5) 487.9(6) C(3) 4728(11) 830(5) 4110(8) 
CI 4924(4) 1358(1) 9070(2) C(4) 5080(12) 1379(6) 4955(9) 
0(11) 5981(31) 1029(7) 6699(19) C(5) 3884(15) 1429(7) 5666(9) 
0(12) 3361(20) 1225(9) 8821(15) C(6) 1198(16) 1592(7) 5976(8) 
0(13) 5145(20) 1485(12) . 10065(9) C(7) 2116(15) 2270(5) 4653(8) 
0(14) 5020(20) 1965(6) 8567(15) C(8) 535(15) 2335(5) 3771(8) 
0(1) -940(7) 713(3) 4433(4) C(9) -290(17) 2921(5) 3488(9) 
0(2) -1813(7) -45(3) 5491(4) C(1O) -1615(15) 2909(6) 2642(11 
C(1) -773(9) 191(4) 4973(6) C(11) -2087(14) 2346(7) 2092(11 
N(I) 3378(8) 960(3) 3158(5) C(12) -1187(12) 1778(5) 2413(9) 
N(2) 2132(10) 1602(4) 5125(5) C(13) -1677(14) 1093(6) 2004(10 
N(3) 88(8) 1791(4) 3220(5) C(14) -993(20) -19(6) 2080(10 
N(4) -283(9) 636(4) 2163(5) C(15) 555(14) 794(6) 1273(7) 
C(2) 3830(12) 1536(4) 2519(8) C(16) 2170(14) 410(6) 1338(8) 
C(17) 3299(12) 364(5) 2432(8) 
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SECTION 5.4 PREPARATION OF COPPER(II) AND ZINC(II) COMPLEXES OF 
Ll 
(1) [Cu(L1)](CI04)2.H20 
Ll (100 mg, 0.36 mmol) was dIssolved In ethanol (5 cm3) and 
added to [Cu(H20)6](CI04)2 (133 mg, 0.36 mmo!) In ethanol (8 cm3). 
A purple solid precIpItated, and was fIltered, washed with dlethyl 
ether (3 x 5 cm3) and drIed under vacuum (yIeld 180 mg, 0.32 mmol, 
90%) . 
(11) [Zn(L1 )](N03)2. H20 
Ll (100 mg, 0.36 mmol) was dIssolved in ethanol (5 cm3) and 
Zn(N03)2.6H20 (107 mg, 0.36 mmol) in ethanol (5cm3) was added. The 
mIxture was stirred for 30 minutes under dry dini trogen, and then 
dry diethyl ether (20 cm3) was added to precipitate the product as 
an oily solid. This was stirred in a mixture of dry dichioromethane 
and diethyl ether (15 cm3, 1,2) under dinitrogen overnight to give a 
whIte solid. The solid was fIltered in a dry box and vacuum dried 
to gIve the product (113 mg, 0.23 mmol In 65% yIeld). The 13C 
n.m.r. chemical shifts are in Table 2.2 (page 56). 
(111) [Zn(L1 }DMSO] (CI04)2 J DMSO - dImethyl sulphoxlde 
This was prepared In 75% yield as described for the nItrate 
salt using [Zn(DMSO}4](CI04)2. Diethyl ether was again required to 
precipItate the product which analysed as [Zn(L1}](CI04}2. The 
presence of coordinated (DHSO) was confirmed by 13C n.rn.r. spectrum 
(Figure 2.10). Recrystaillsation of the product from nltromethane 
dlethy I ether gave the unsol vated complex as shown by analytIcal 
data (Table 2.1, page 55). 
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SECTION 6.1 PREPARATION OF 3,7,11-TRIMETHYL-3,7,11,17-TETRAAZA-
BICYCLO[11.3.1] HEPTA DECANE (L4) 
The ligand was prepared following the synthetIc routes 
outlined in Scheme 2.2 overleaf, [Ni(L1)](C104)2 (2.0 g, 3.75 mmol) 
was dIssolved In water (100 cm3) and hydrogenated over freshly 
prepared Raney-nickel (W-2) (ca. 6 g) at 120 atm H2 (Scheme 2.2). The 
reaction mixture was placed in a 200 cm3 autoclave, and the 
temperature of the reaction was gradually increased to 650 (24 h), 
850 C (2 h) and finally allowed to cool to room temperature for 24 h. 
The catalyst was removed by filtration and the solution evaporated 
to a volume of ca. 50 cm3• To the orange solution a NaCN (5 g) was 
added, and the reaction mixture kept in an oil bath at 800 C for 1 h. 
The solutIon was then basefied and extracted with dichloromethane (5 
x 100 cm3), drIed with anhydrous HgS04, flltered and the solvent 
removed to give the product as very viscous oil. ThIs was left In 
the refrigerator to give colourless crystals. M.P. 870 C (0.83 g, 
2.94 mmol) In 78% yield. The 13C n.m.r. spectrum Is shown in Figure 
2.11 (page 49), and the geometry of the macrocycle (L4) was 
established by two dimensional IH n.m.r. (Section 3.1, page 48). 
SECTION 6.2 PREPARATION OF METAL COMPLEXES OF L4 
(I) [Nl(L 4 )(CI04)2 
To a stirred solution of [Ni(DMSO)6](CI04)2 (257 mg, 0.355 
mmo I ) in ethanol (10 cm3), a solution of the (L 4) (loa mg, 0.355 
mmol) in ethanol (5 cm3) was added. Orange-red crystals 
precipitated and these were filtered, washed with diethyl ether and 
air dried to give [Ni{L4)]{CI04)2 (160 mg, 0.297 mmol) in 84% yield. 
13C n.m.r. chemical shifts are In Table 2.2 and the analytIcal data 
CH 3 
I rr.;.) 
CH3N - ~I - N-.CH3 
N 
o 
- -
eN I OH 
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Raney Nickl 
120 atm. of Hz 
SCHEME 2.2 
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are in Table 2.1. 
(Ii) [CU{L4)]{CI04)2.1~20 
'L4 (50 mg, 0.177 mmol) was dissolved in ethanol (5 cm3) and 
added to an ethanolic solution of [Cu(DMSO)6](CI04)2 (129 mg, 0.177 
mmol). The resultIng purple precIpitate was filtered, washed wIth 
diethyl ether and dried under vacuum to give the product (70 mg, 
0.121 mmol) in 68% yield. Analytical data are in Table 2.1 (page 
55) • 
(111) [Zn(L4)](CI04)2 
[Zn{DMSO)4](CI04)2 (204 mg, 0.355 mmo!) was dissolved in 
ethanol (10 cm3) and added to a solution of (L4) (laO mg, 0.355 
mmol) In ethanol (5 cm3) under dry dlnltrogen. The product 
precIpItated as a white moisture senSitIve solId by the addition of 
dry diethyl ether {10 cm3}. Filtration under dlnitrogen, and drying 
in vacuum gave the product {140 mg, 0.225 mmol} in 63% yield. 
Combustion analyses and 13C n.m.r. chemical shifts are In Table 2.1 
and 2.2 respectively. 
-CHAPTER III 
SYNTHESIS AND STUDY OF PENTAAZAMACROCYCLIC LIGANDS 
AND THEIR NICKEL(II), COPPER(II), ZINC(II), 
CADMIUM(II) AND LEAD(II) COMPLEXES 
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SECTION 1 INTRODUCTION 
Attempts to prepare macrocyclic Schiff's base complexes by 
the condensing of 2,6-dlacetylpyrldine wIth dlamlnes such as 
(NH2CH2CH2XCH-)2 (X - NH, 0 or PPh) In the presence of template 
metal Ions such as Ni 2+ and Cu2+ were unsuccessful !25 However, 
successful template syntheses have been achieved using other metal 
ions (e.g., Hn2+, Fe2+, Fe3+, C02+, Hg2+, Zn2+, Cd2+, Hg2+, Ag2+, 
Pb2+ and 5n4+)!26-130 Busch and co-workers130 succeeded In obtaining 
the saturated pentaazamacrocycle L8 (Figure 3.1), by reduction of 
the Hn2+ complex of the corresponding Schiff's base macrocycle with 
nickel aluminium alloy In aqueous base. 
LSi X=Oi R
'
=H, R2=Me 
L6 i X = H2 ; Rt= H, R2 = Me 
FIGURE 3.1 
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Our attempts to prepare the corresponding macrocycle L9 
(Figure 3.1) in an analogous way, starting from 
pyridine-2,6-dicarbaldehyde and {NH2CH2CH2NHCH2-)2, gave very low 
yields (5-10%). Therefore, a better route to 15-membered ring 
pentaazamacrocycles was sought. 
In this Chapter the synthesis of three related 
pentaazamacrocycles, L5-L7, are reported using high dilution 
technIque. The N1 2+ and Cu2+ complexes of L5 and the NI 2+, Cu2+, 
Zn2+, Cd2+ and Pb2+ complexes of L6 and L7 were also isolated, and 
characterised by elemental analyses, fast atom bombardment (f.a.b.) 
mass spectrometry and 13C n.m.r. for the diamagnetIc Cd2+, Pb2+ and 
Zn2+ complexes. The N12+ and Cu2+ compiexes were investigated 
further by u.v.-visible spectroscopy and magnetic moment 
measurements. The crystal and molecular structure of 
[Zn{L7)]{CI04>2 is also reported. 
SECTION 2 
SECTION 2.1 
RESULTS AND DISCUSSION 
LIGAND SYNTHESES 
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"As mentioned previously, syntheses of pyridyl containing 
pentaazamacrocycles have maInly been achieved by template methods, 
although KImura. et al}31 obtaIned a 1G-membered ring dlamlde 
macrocycle In unspecifIed yield from refluxlng (3d) the dlethyl 
ester of pyridine-2,6-dlcarboxylic acid and 
3,7-diazanonane-l,9-diamine in ethanol solution. In this study, the 
high dilution method was employed to gIve the 15-membered ring 
dlamlde macrocycle L5 (Figure 3.1) In 24% yIeld, In a rapId reactIon 
between pyrldlne-2,G-dlcarboxyllc acid dichlorIde and 
3,6-dimethyl-3,6-dlazaoctane-l,8-diamlne (see Scheme 3.1, page 93). 
Although thIs route gives only moderate yIelds, the starting 
materials are relatively cheap and readIly available. However, the 
synthesis requires the use of an open chain amIne In which only the 
terminal amino-groups are capable of being attacked by diacid 
chloride [I.e., R2 In L5 (Figure 3.1) must be alkyl or aryl, and not 
hydrogen]. 
Reduction of the amIde groups of L5 to give L6 proceeds In 
good yield (> 80%) usIng BH3.thf, and methylation of the secondary 
amIne groups of L6 with formaldehyde formIc acid gives L7 In ca. 88% 
yield. The ligands were characterised by their lH n.m.r., mass 
spectra, 13C n.m.r. chemical shifts (Table 3.4), and by the 
analytical data for their metal complexes (Table 3.1). 
SECTION 3 
SECTION 3.1 
METAL COHPLEX SYNTHESES 
SYNTHESIS OF HETAL COHPLEXES OF L5 
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"ReactIon of L5 wIth an equImolar amount of copper or nIckel 
acetate In methanol under reflux gave the neutral complexes of 
formula [MLH_2], M The complexes are 
none I ectro I ytes 1 n methano I, and the 1 r f. a. b. mass spectra show a 
cluster of peaks, centred at m/z 367 for the copper complex and 362 
for the nIckel complex, attributed to [M(LH_2)]+, (M + 1), H - Cull 
and Ni II (Table 3.3). The solid thin f11m Infrared spectrum (for 
sample preparation method see Chapter VII) of L5 shows an amide band 
v(C-O) at 1676 cm-1, and that of the solid copper(Il) complex has 
bands at 1638 cm-1 and 1600 cm-1, and the nickel (II) complex has 
bands at 1630 cm-1 and 1600 cm-1. In addition, bands were observed 
at 3400, 2990 and 1410 cm-1 In copper complex spectrum assigned to 
v(OH), v(CH) and v(COO) respectively. These bands arise from 
ethanolc acId, probabl y in the crystal lattice of the copper (II) 
complex. Data from the u.v.-vlslble spectra recorded In different 
solvents are shown In Table 3.2. 
The vIsible spectrum of [CU(L5H_2)] In aqueous solutIon 
shows a band at 677 nm which Is close to the value reported for the 
[Cu(NH3)5]2+ Ion (678 nm) and Indicates that all five N atoms of L5 
are coordlnated!32 Attempts to prepare CdII and ZnI1 complexes of 
L 5 fo 11 ow I ng the same procedure descr I bed for N 1 II and Cull were 
unsuccessful. The 13C n.m.r. of the white solid recovered from both 
reactions show no sIgnIfIcant difference In chemical shIfts compared 
with the chern 1 ca I sh I fts ar I sing from the free 11 gand I n the same 
sol vent. In add 1 tion two extra resonances were observed, one of 
them located upfleld and arising from the methyl group of acetate 
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Ion. ThIs observatIon Is sImilar to that reported by KImura, et 
aL.!33 "The most successful metal ion in promotIng the deprotonatlon 
was Cull. WIth ZnII , CdII , or PbII the dloxo-Ilgands underwent no 
deprotonation at pH < 7. At pH > 7 precIpitation of hydrolysed 
metal ions occurred." 
SECTION 3.2 SYNTHESES OF METAL COMPLEXES OF L6 AND L7 
These were obtained in good yields from the 1.1 reactions of 
the appropriate ligand and the dimethyl sulphoxlde (DMSO) solvates 
of Cull, N 1 II and ZnII perch I orate, and Cd II , PbII nItrate 1 n 
ethanol solution. Analytical data (Table 3.1) indicate the 
formation of either six coordinate mono-solvent complexes of formula 
[H(L)(DHSO)](CI04)2 (L - L6 and L7, M - Nill, L - L6, M - ZnII ), or 
five-coordinate complexes of formula [H(L)](CI04)2 (L - L6 and L7, M 
_ Cull, L - L7, M - ZnII ). The CdII and PbII complexes of L6 are 
five coordinate of formula [M{L)]{N03)2 (L - L6, M - CdII , PbII ), 
whereas the data for the lead (II) complex of L 7 reveals that the 
complex has a formula close to [(PbL7)2(H20)4(N03)2][Pb(N03)41. No 
further attempt was made to confirm this formulation. The visible 
spectra and magnetic moments of the Ni 2+ and Cu2+ complexes (Table 
3.2) are consistent with the formulations given above. The fast 
atom bombardment (f.a.b.) mass spectra of the complexes (Table 3.3) 
gave clusters of peaks as expected for the ions [M(L)CI04]+ or 
[H(L)N03]+ and [H(L-H)]+ (L - L6, L7, M - Ni, Cu, Zn, Cd and Pb). 
This behaviour is as expected from our earlier studies!!3 The f.a.b. 
spectrum of [Zn(L7)](CI04)2 also showed a strong peak assigned to 
[H2L7 (CI04)]+. This unexpected behaviour may indicate that the 
zlnc(II) complex is the less stable of the five. 
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The proton decoupled 13C n.m.r. spectrum of [ZnCL6)CDHSO)]2+ 
ion in the CD3N02 solution is shown in Figure 3.2, It reveals the 
presence of a coordinated (DHSO) molecule as a broad resonance at s 
40.0 p.p.m., broadening presumably being due to chemical exchange. 
The existence of a ca. 2:1 mixture of two isomers, one symmetric and 
the other asymmetric, is evident from the number of resonances in 
the spectrum, the assignments for the two isomers are in Table 3.4. 
The presence of two isomers is a 1 so apparent in the 13C n. m. r. 
spectrum of the [Cd{L6)]2+ ion, and of the [Zn{L7)]2+ ion, although 
only ca. 10% of the symmetric isomer is present in the CdII complex 
of L 6, whereas ca. 90% of symmetr 1 c 1 somer 1 s present 1 n the 13C 
n.m.r. spectrum of [Zn(L7)]2+ ion (Table 3.4). The 13C n.m.r. 
spectrum of [Pb (L 7 ) ]2+ Ion 1 n CD3N02 so 1 ut 1 on 1 s shown 1 n Fl gure 
3.3, and reveals the presence of sIngle asymmetric specIes. It is 
interesting to note that in the case of large metal ions such as 
CdII or PbII the coordinated macrocyclic ligands L6 and L7 adopt an 
asymmetrIc coordInatIon mode, whereas wIth smaller metal Ions such 
as ZnII the symmetrIc specIes is the predomInant one. This may be 
due to the size of the cavities of these macrocycles which are not 
large enough to fIt large metal Ions such as CdII and PbII , so 
distortion of the symmetry occurs in those cases. 
Prev 1 ous stud 1 es of pyr 1 dy l-conta 1 n 1 ng pentaazamacrocycl es 
have revealed three modes of coordinatIon (I-III) shown 
schematically in Figure 3.4. With saturated macrocyclic rings, 
seven-coordinate pentagonal blpyramldal complexes (II) are formed by 
Hn2+ and Fe3+ and six coordinate pseudooctahedral complexes (II) are 
formed by C03+, NI 2+, NI 3+ and Cu2+ Ions in which unldentate anIons 
FIGURE 3.2 1H decoupled 13C n.m.r. specrum of [Zn{L6)(DMSO)1(CI04)2 
in CD3N02 solution. 
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or solvent molecules occupy the remaining coordination 
sltes!29,130,131 
A structure of type (II) Is reported for the C03+ complexes 
of 1, 4,7, 10, 13-pentaazacyclohexadecane;34 Pentagonal bipyramidal 
Schiff base complexes are also well known, includIng a complex of 
Zn2+. 60 A structure in which one of the N-atoms Is uncoordinated in 
a uans-octahedral arrangement of type (III) is also postulated for a 
low-spin Schiff base macrocyclic complex of Fe2+ with cyanide ions 
occupying the axial positions;35 Five co-ordinate structures can 
also be envisaged for these pentaazamacrocycles, in which the 
macrocycle either occupies the corners of a square-pyramid 
(analogous to structure(II) but with no axial unidentate ligand), or 
a trigonal bipyramidal mode as shown In structure (IV). In both 
modes of five-coordination the expected planarity of the metal ion 
with the pyrIdine N-atom and the two flankIng N-atoms Is maintained. 
There are, of course many Isomers of these structures possIble 
depending on the 'different chiraiities of the N-H and N-CH3 groups. 
A symmetric structure observed in the 13C n.m.r. spectra of the Zn2+ 
complexes is possIble for structure (IV) wIth the N-substituents 
arranged as shown. In this structure there is a C2 rotation axis 
passing through the metal and pyridIne N-atoms and bisecting the 
macrocyclic C-C bond furthest removed from the pyridine ring. The 
asymmetric species observed in the 13C n.m.r. spectra could have 
either a square pyram 1 da I structure or a non-symmetr 1 c structure 
(IV) with one of the chiral N-atoms inverted. 
X 
N /,--N 
N =--.!-/ , 
x 
(I) 
x 
~N:::----N N M, \ I -N 
I "" N 
X 
UII) 
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(II) 
(IV) 
FIGURE 3.4 
Schematic representation of th~ different modes of coordination 
found In metal complexes of L5_L (X - unldentate ligand, H - metal 
ion). The pyridine N-atom is circled. 
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SECTION 3.3 CRYSTAL STRUCTURE 
To gain further insight into the structure of the Zn2+ 
complexes, the crystal structure of [Zn(L7)](CI04)2 was determIned. 
The cation geometry is shown in Figure 3.5. This can be equated to 
structure (IV), with a non-crystallographic C2 rotation axis passing 
through the Zn, N(l) and C(3) atoms. Such a symmetric isomer gIves 
a satisfactory explanatIon for the major component Identified In the 
13C n.m.r. spectrum of a nitromethane solutIon. The Me-N groups at 
positIons 3 and 9 [N(2) and N(4)] are on the opposIte sIde of the 
macrocycle to those at posItIons 6 and 12 [N(3) and N(5), Figure 
3.5]. MaJ or dIstortIons from the Idealised trIgonal bipyramidal 
geometry depIcted In structure (IV) are apparent from the bond 
lengths and angles in Table 3.6. The 'axial' N(2)-Zn-N(5) angle is 
only 155.9°(2), and the other N-Zn-N bond angles InvolvIng N(2) and 
N(5) are in the range of 78.1°(2) to 114.0°(2). The 'In-plane' 
N-Zn-N bond angles involving N(1), N(3) and N(4) are 137.50 (2) and 
134.3°(2) to the pyridIne N-atom [N(l)], and only 88.2°(2) for 
N(3)-Zn-N(4). However, the 'axial' Zn-N bond lengths (2.24 and 2.25 
o A) are signifIcantly longer than the 'equatorial' bond lengths (ca. 
o 
2.0-2.1 A) as expected for a trigonal blpyramld. A very sImilar 
five-coordinate structure Is reported for the [Cu(L8)]2+ ion 
although in the copper(II) complex further distortions are apparent, 
attributable to the Jahn-Teller effect, which results in a structure 
between that of a square-pyramid and a trigonal bipyramid!36 For 
[Zn(L7)]2+ the structure is closer to that of a trigonal bipyramid 
than a square pyramid, for compounds showing square pyramidal 
geometry, the N-metal-N bond angles are observed to have a 
characteristic pattern of four nearly equal and large values 
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C (3) 
C(11) 
FIGURE 3.5 
View of the symmetric Isomer of [Zn(L7)}2+ ion, showing the atomic 
numbering. H-atoms are omitted for clarity. 
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(usually ca. 135°), rather than having one angle much larger than 
the others, and the bond lengths are more nearly equal!36 
TABLE, 3.1 
METAL COMPLEXES OF L5, L6 AND L AND THEIR ELEMENTAL ANALYSESa 
Recrystal. 
from Yield 
Complexb Colour CHdN02: (% ) Formula C H N Et H: Et20 
[N l(L 5H_2) ] Pale Green 80 C15H21N502Nl 49.8(49.7) 7.0(5.8) 19.0(19.3) 
[Cu(L5H_2)]·2CH3COOH Blue 90 C19H29N506Cu 46.5(46.9) 5.7(5.9) 14.5(14.4) 
[Nl(L6)(OMSO)](CI04)2 Green 1:1:2 60 C17H33Cl2N5NI09S 33.8(33.3) 5.2(5.4) 11.8(11.4} 
[Cu (L 6) ](CI04 )2 Blue Green 1:2:1 69 C15H27C12CuN508 33.1(33.4) 5.0(5.0} 12.8(13.0) 
[Zn(L6}(DMSO)](CI04)2 White 48 C17H33Cl2N509SZn 32.9{32.9) 5.1(5.4) 11. 6 (11. 3) 
[Cd (L 6 ) ] (N03)2 White 60 C15H27N7Cd06 35.1(35.1) 5.2(5.3) 19.0(19.1) 
[Pb (L 6) ](N03)2 White 73 C15H27N7Pb06 29.5{29.6) 4.2(4.4) 16.0(16.1) 
[Ni(L7 )(OMSO)](CI04)2· H20 Green 53 C19H39Cl2N5NI010S 34.9(34.6) 5.9(6.0) 10.8(10.6} 
[Cu (L 7 ) ](CI04 )2 Blue 1:1:2 59 C17H31Cl2CuN50a 35.8(36.0) 5.6(5.5) 12.2(12.3} 
[Zn (L 7 ) HCI04)2 White 64 C17H31 Cl2N508Zn 36.4(35.8) 5.7(5.5) 11.9(12.3} 
[Cd(L7)](N03)2·5H20 White 50 C17H41N7011 Cd 32.0(32.3) 4.9(6.5) 15.8(15.5) 
[(PbL7 )2(H20)4(N03)2][Pb(N03 )4] White 60 C34H70N16022Pb3 24.6(24.3) 4.2(4.2) 13.4(13.3) 
a%Calculated values in parentheses, bOMSO - dimethyl sulphoxlde 
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TAB~E 3.2 
U. V .-VISI~LE ~PECTRA [)./na fE/dll llol-1 0-1)] OF THE COMPLEXES OF 
Ni 2+ AND Cu2+ WITH L • LAND L7, AND THEIR MAGNETIC MOMENTS IN THE SOLID PHASE AT 293 K 
Complex ).max{E) Colour 
In Nltromethane Solvent In DImethyl Sulphoxlde Solvent 
[Ni (L 5H_2)] 
580{sh), 875(18), 1170(6) 430(sh), 864(8}, 1000(sh}a 
Pale Green 
430{sh), 890(23), 1100(sh}b 368(sh), 590(27), 790(sh), 910(25)C 
1210 (10) 
[Cu (L 5H_2)] 
540(sh), 690(180) 530{sh), 680(209) 
Blue 
530(sh), 685(207)b 677(166), 830{sh)c 
[NI(L6}(DMSO)](CI04}2 Green 500{sh), 830(sh), 895(32) 550(13), 660(13), 825(sh), 893(36) 
[Cu (L 6 ) )(C104)2 Blue 612(239), 908(120) 612(208), 910(85) 
[Nl(L7 )(DMSO)](CI04)2· H20 Green 555(16), 620{sh), 930(28) 602(14), 680(14), 830(sh), 975(31) 
[Cu (L 7 ) ] (CI04)2 Blue 626(287), 894(132) 640(227), 925(95) 
ash - shoulder, bIn CHCl3 solvent, cIn H20 solvent 
Jleff 
B.M. 
3.10 
1.83 
3.10 
1.93 
3.05 
1.93 
co 
...., 
TABLE 3.3* 
COMPARISON OF PARTS OF THE F.A.B. MASS SPECTRA OF METAL COMPLEXES OF L5, L6 AND L7 
VITH VALUES CALCULATED FOR THE FRAGMENT IONS [M (L 5H_2) ]+, (M ... Cu Of N i) AND [M (L )C1O 4 ]+ [M(L-H)]+ (M - NI, Cu, Zn, Cd, PbJ L m L6 and L ) 
[N 1(L 5H_2 )]+ + 1 [Cu (L 5H_2)]+ + 1 
Observed m/z 362 363 364 365 366 367 368 367 368 369 370 371 
Relative Height 100 32 41 12 7 2 1 100 42 51 15 3 
Calculated m/z 362 363 364 365 366 367 368 367 368 369 370 371 
Relative Height 100 19 41 9 7 1 2 100 19 47 9 1 
[N i (L 6 }CI04 ]+ [N l(L 6_H) ]+ [CU(L6)CI04]+ [Cu (L 6_H) ]+ 
Observed m/z 434 435 436 437 334 335 336 337 439 440 441 339 340 341 342 
Relative height 100 24 62 18 100 72 44 29 100 46 85 100 99 54 32 
Calculated m/z 434 435 436 437 334 335 336 337 439 440 441 339 340 341 342 
Relative height 100 19 73 16 100 19 40 9 100 8 79 100 19 46 9 
[Zn(L6)CI04]+ [Zn (L 6_H) ]+ [Cd (L 6 )N03]+ [Cd (L6-H)]+ 
Observed m/z 440 442 444 340 341 342 453 452 451 450 449 390 389 388 387 386 
Relative height 100 55 21 100 36 86 100 73 96 58 43 100 79 85 77 46 
Calculated m/z 440 442 444 340 341 342 453 452 451 450 449 390 389 388 387 386 
Relative height 100 55 23 100 19 58 100 54 84 48 39 100 55 84 47 39 
[Pb (L 6 }N03]+ [Pb (L 6_H) ]+ [NHL7}CI04]+ [Ni (L7-H)]+ 
Observed m/z 547 546 545 484 483 482 462 463 464 465 362 363 364 365 
Relative height 100 60 51 100 56 53 100 30 72 27 100 32 40 39 
Calculated m/z 547 546 545 484 483 482 462 463 464 465 362 363 364 365 
Relative height 100 48 41 100 48 41 100 22 74 17 100 21 41 10 
00 
00 
[Cu{L7}CI04]+ [Cu{L7-H}]+ [Zn {L 7 }C104]+ [Zn{L7-H} ]+ 
Observed m/z 467 468 469 470 471 367 368 369 370 468 469 470 471 472 368 369 372 
Relative height 100 23 45 24 31 100 11 23 50 100 17 91 26 51 100 62 65 
Calculated m/z 467 468 469 470 471 367 368 369 370 468 469 470 471 472 368 369 372 
Relative height 100 22 80 17 17 100 21 47 10 100 13 91 28 61 100 21 41 
[Cd (L 7 }N03]+ [Cd (L7-H) ]+ [Pb(L7 }N03]+ [Pb(L7-H) ]+ 
Observed m/z 481 480 479 478 477 418 417 416 575 574 573 512 511 510 
Relative height 100 67 93 55 44 100 81 90 100 50 44 100 75 39 
Calculated m/z 481 480 479 478 477 418 417 416 575 574 573 512 511 510 
Relative height 100 56 84 48 38 100 55 85 100 48 41 100 48 41 
*A mixture of e~thro-l,4-dlmercapto-2,3-butanedlo1 and threo-l,4-dimercapto-2,3-butanediol in ratio 1:5 
matrix, 8 KeV, xenon plasma was used. 
00 
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TABLE 3.4 
13C N.M.R. CHEMICAL SHIFTS (S/P.P.M. REFERENCE SiMe~ AT 298 K IN CD3NOn SOLUTION UNLESS SPECIFIED OTHERVISE (RELATIVE POPULA IONS IN PARENTHESES 
0 Pyridine C N-CH2-C N-cH3 Compound Isomer II Py-CH2-N 
.. C ... Ortho Para Meta 
Sa 
163.17(2) 14854(2) 138.94(1) 123.72(2) 57.40(2) 56.78(2) 3636(2) 38.73(2) L 
L6 158.89(2) 138.12(1) 121.41(2) 58.29(2) 56.15(2) 54.15(2) 47.74(2) 42.58(2) 
[Zn(L ~(DMSO»)(CI04)2b Symmetric 155.84(2) 143.64(1) 12355(2) 5638(2) 55.73(2) 50.01(2) 48.89(2) 46.19(2) 
Asymmetric 155.93(1) 14298(1) 12339(1) 58.75 53.79(1) 52. 77(1) 5158(1) 45.70(1) 
155.11(1) 122.93(1) 54.87(1) 5139(1) 49.9(1) 49.18(1) 43.76(1) 
[Cd(L ~J(N03)Z Symmetric 156.82(2) 14L01(1) 122.99(2) 61.38(2) 6L15(2) 58.62(2) 51.91(2) 41.75(2) 
Asymmetric 15656(1) 124.64(1) 00.89(1) 57.63(1) 52.44(1) 47.41(1) 45.8O(1) 
[pb(L ~](N03 )2 
15633(1) 123.62(1) 58.75(1) 53.16(1) 5L22(I) 46.09(1) 40.37(1) 
Asymmetric 161.(XI(1) 141.67(1) 124.77(1) 59.61(1) 55.04(1) 5149(1) 44.94(1) 40.41(1) 
L7 
100.27(1) 123.75(1) 58.09(1) 52.57(1) 50.53(1) 43.40(1) 40.24(1) 
158.80(2) 137.72(1) 123.78(2) 6352(2) 5458(2) 53.82(2) 5336(2) 44.09(2) 43.96(2) 
[Zn(L7)](CIO~2 Symmetric 155.70(2)c 144.53(1)c 125.00(2) 5951(2) 56.02(2) 53.72(2) 53.10(2) 46.98(2) 4639(2) 
Asymmetric 155.70(2)c 144.53(lf 125.98(1) 59.05(1) 58.26(1) 57.93(1) 57.24(1) 46.39(1) 44.98(1) 
[Cd(L 7 )](N03)Z 
126.21(1) 55.79(1) 55.79(1) 55.53(1) 50.01(1) 44.29(1) 4359(1) 
Asymmetric 15656(1) 142.36(1) 125.19(1) 63.78(1) 5859(1) 56.42(1) 5431(1) 46.22(1) 4333(1) 
15551(1) 124.87(1) 62.21(1) 57.93(1) 56.29(1) 52.93(1) 44.45(1) 40.77(1) 
[pb(L 7)J(N0Y2 Asymmetric 161.00(1) 142.59(1) 125.46(1) 63.45(2)c 00.26(1) 58.22(1) 54.04(1) 43.27(1) 42.64(1) 
159.09(1) 12536(1) 59.61(1) 57.8O(1) 53.98(1) 43.04(1) 39.75(1) 
aln CDCl 3, 
bAt 253K: coordinated dimethyl sulphoxlde (DMSO) at s - 40.0 p.p.m. 
COverlapping resonances, tentative assignment. 
\!) 
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SECTION 4 
HATERIALS 
EXPERIMENTAL 
91 
Dry toluene was obtaIned by refluxing over CaH2 for 20 h 
fo 11 owed by d I st ill at I on under dry dIn I trogen. 
pyrldine-2, 6-d i carboxy I ic acid dIchloride was prepared from 
pyridine-2,6-dlcarboxyllc acId (20 g, Aldrich) by refluxlng 
overnight under dry dinitrogen with excess thionyl chloride (100 g). 
Most of the excess thionyl chloride was removed by rotary 
evaporation, but to remove the last traces the residue was dissolved 
In dry toluene (20 cm3) and the solvent removed by rotary 
evaporation. This procedure was repeated four more tlmes~ and the 
solId residue then transferred to a dry-box where it was stirred 
with dry light petroleum (50 cm3) b.p. 40-600 C, for 15 mIn., 
filtered, and washed with more light petroleum (3 x 10 cm3) to give 
the product (21.2 g, 87%). The compound purity was confirmed by IH 
n.m.r. spectroscopy. 
All other chemicals were reagent grade commercial materials 
whIch were used wIthout further purificatIon. 
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SECTION 5 LIGAND PREPARATIONS 
The synthetic routes are outlined in the Scheme 3.1 
overleaf. 
(1) Preparation of [CNCH2N(Me)CH2-]2 (1): Sodium metabisulphite 
(46 g, 242 mmol) was di 5501 ved in water (100 em3) and 37% aqueous 
formaldehyde (34 em3) added. The solution was boiled for 10 min., 
then cooled to room temperature, and 
N, N '-di-methyl-l, 2-diaminoethane (20 g, 227 mmoi) added wi th 
vigorous stirring. After 4 h, a solution of sodium cyanide (25 g, 
510 mmol) in water (50 em3) was added. The mixture was left to stir 
overnight, whereupon a solid formed which was extracted with 
dichloromethane (4 x 100 cm3). The combined extracts were dried 
with anhydrous MgS04, filtered, and the solvent removed with a 
rotary evaporator to leave a pale yellow solid. This was stirred 
with dlethyl ether (200 cm3), fIltered and washed wIth more ether (3 
x 20 cm3) to leave a whi te solid, 
1,6-dicyano-2,5-dlmethyl-2,5-dlazahexane, (1) (30 g, 181 mmol, 80% 
yield). M.p. 79-800C, 1H n.m.r. (CDCI3)' 6, 2.40 (6H, 5), 2.63 (4H, 
s), and 3.64 p.p.m. (4H, s). 13c n.m.r. (CDCI 3)' 42.25 (2C, 
N-CH2-CH2), 45.24 (2C, N-He), 52.90 (2C, CH2-CN) and 114.64 p.p.m. 
(2C, CN). Electron impact mass spectrum: found, m/z 166, calc. 
for H+ 166. 
(11) PreparatIon of [NH2CH2CH2N(Me)CH2-1 (2), A slurry ·of tV (25 
g, 151 mmol) in ethanol (300 cm3) was stirred under dinitrogen at 
room temperature during the addition of small pieces of sodium metal 
(25 g, 1.09 mmol) over a period of 2 h. The slurry dissolved after 
ca. half the sodium had been added. The mixture was heated at 700C 
for 4 h, and after cooling to room temperature water (300 cm3) 
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CHJ 
CHJ 
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was added. The product was extracted with dichloromethane (4 x 200 
cm3), the extracts drIed with anhydrous MgS04, and the solvent 
removed with a rotary evaporator to leave a pale yellow oil. The 
product was distilled in vacuo {b.p. 94-960 C, 0.7 mm Hg} to give a 
colourless oil {10 g, 57.5 mmol, 38%}. 
5,1.40 {4H, broad}, 
2.26 (6H, s), 2.45 {4H, t}, 2.52 {4H, s}, and 2.78 p.p.m. (4H, t). 
Electron impact mass spectrum: found m/z 174, calc. for M+ 174. 
{ill} PreparatIon of 2,13-dioxo-6,9-dI-methyl-3,6,9,12,18-
pentaaza-bicyclo[12. 3.1]octadeca-1 (18), 14, 16-trlene, LS, The high 
dilution technique was used to condense [NH2CH2CH2N(Me)CH2-J2 - wIth 
pyridIne-2,6-dlcarboxylic acId dIchloride. A dry 5 dm 3 three-necked 
flask was evacuated and filled wIth dry dinitrogen (3 times) and 
then dry toluene (2 dm3) and trIethylamine (10 g, 99 mmol) were 
added. Two 50 cm 3 syr I nges were connected to the f I ask via long 
staInless steel needles passIng through a rubber suba-seal plug in 
one neck of the flask. The syringes were connected to a motor 
driven syrInge pump {Sage Instrument model 355} to allow controlled 
slow addItion of the two reagents. The flask was connected to a 
magnet I c st I rrer , and coo 1 ed with an I ce bath to OOC. The two 
syrInges were charged separately wIth solution of (1) (8.5 g, 48.9 
mmol) and pyrldlne-2,6-dicarboxyl1c acid dichlorIde (9.97 g, 48.9 
mmol), each dissolved in dry toluene (50 cm3). The reagents were 
pumped Into the flask dropwise, with vigorous stirring, at a flow 
rate of 0.0774 cm 3 min-i. After complete additIon (ea. 11 h), 
stirring was continued for a further 11 h. The triethylamine 
hydrochloride which precipItated was removed by fIltration, and the 
solution evaporated with a rotary evaporator. The remaInIng paste 
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was dIssolved In dlchloromethane (50 cm 3), and the solutIon passed 
through a column of neutral alumina (20 cm long, 2 cm diameter) and 
eluted wIth more dichloromethane (loa cm3). After removal of the 
so I vent . wIth a rotary evaporator, the product was obta 1 ned as a 
white solid (3.59 g, 11.8 mmol, 24% yield). H.p. 155-1560 C. 
lH n.m.r. (CDCI3): 2.20 (6H, s), 2.60 (4H, s), 2.73 (4H, t), 
3.54 (4H, p), 8.05 UH, t), 8.30 (2H, d), and 9.14 p.p.m. (2H 
broad) • 
H+ 305. 
Electron impact mass spectrum, found m/z 305, calc. for 
The IH-decoupled 13C n.m.r. chemical shifts are given in 
Table 3.4. 
(Iv) PreparatIon of 6,9-dlmethyl-3,6,9,12,18-penta-azablcyelo-
[12.3.1]octadeca-l(18),14,16-trlene, L6 a L5 (1.1 g, 3.6 mmo!) was 
dissolved in dry tetrahydrofuran (thf, 100 em3) in a 250 em3 round 
bottomed flask. The flask was flushed wIth dry nItrogen, and a 
solution of BH3.thf (45 cm3 of a 1.0 mol dm-J solution) added. The 
solutIon was refluxed under dlnltrogen for 3 h. Excess BH3.thf was 
then destroyed by the dropwise addition of methanol, and the solvent 
removed with a rotary evaporator to gIve the borane salt of L6 as a 
white solid. ThIs salt was dissolved In a mixture of water (50 em3) 
and methano I (50 cm 3 ) , and concentrated. HC I (30 em 3) was added. 
The solution was refluxed overnight and the pH then adjusted to ca. 
12 by add i ng sod i um hydrox i de. The product was extracted with 
dlchloromethane (4 x 100 cm3), the extracts dried wIth anhydrous 
HgS04, filtered and evaporated to leave L6 as a pale yellow oil. 
This oil was purified by passage through a neutral alumina column as 
descrIbed for L5, usIng dichioromethane as eluent. The fInal yIeld 
was 83%, 1H n.m.r. (CDCI 3), 5, 2.20 (6H, s), 2.48 (4H, s), 2.60 (4H, 
t), 2.72 (4H, t), 3.92 (4H, s), 4.40 (2H, broad), 7.05 (2H, d) and 
7.58 p. p. m. (lH, t). Electron 1 mpact mass spectrum, found I m/z 
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277, calc. for M+ 277. The IH-decoupled 13C n.m.r. chemical shifts 
are given in Table 3.4. 
(v) PreparatIon of 3, 6, 9, 12-tetramethyl-3, 6, 9, 12, 18-pentaaza-
blcyelo[12.3.1]octadeca-l(18),14,16-trlene, L7, L6 (0.9 g, 3.25 
mmol) was added to 37% aqueous formaldehyde (10 cm 3 ) followed by 
formIc acId (10 em3). The mIxture was refluxed overnIght at 90oC, 
cooled to room temperature, basI fled wIth 20% aqueous NaOH to pH 12, 
and extracted wIth dichioromethane (5 x 100 cm3). Work-up was as 
descrIbed for L6 , usIng dichioromethane methanol (4.1, 200 cm3) to 
elute from the neutral alumina column. The product was obtaIned as 
a pale yellow oil (0.87 g, 2.85 mmol, 88% yIeld). 
1H n.m.r. (CDCI 3), 6,2.25 (12H, s), 2.45 (12H, m), 3.71 
(4H, s), 7.20 (2H, d) and 7.61 p.p.m. (1H, t). Electron impact mass 
spectrum, found. m/z 305, calc. for M+ 305. The 1H-deeoupied 13C 
n.m.r. chemical shIfts are given In Table 3.4. 
SECTION 5.2 PREPARATION OF METAL COMPLEXES 
Metal complexes of L5 were prepared by overnIght refluxing 
of solutIon of L5 (0.3 mmo!) In dry methanol wIth an equImolar 
amount of the nIckel (II) or copper(II) acetate. The sol vent was 
removed and the resIdue was stIrred In dry dlethyl ether (10 em3) to 
gIve a solId whIch filtered under dI-nitrogen and washed wIth (5 x 
10 cm3) dlethyl ether. The metal complexes of L 6 and L 7 were 
obtaIned In ca. 50-70% yIelds by addIng a solutIon of each lIgand 
(0.5 mmol) In ethanol (5 cm3) to an equImolar amount of the 
approprIate metal dImethyl suiphoxide (DMSO) solvates of formula 
[M(DMSO)n](CI04)2 (M - Ni or Cu, n - 6, M - Zn, n - 4, prepared as 
descrlbed}121 In ethanol (10 em3). The mIxtures were stirred for 1 
h, whereupon the solId products separated. These were collected by 
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fIltration and in some cases recrystailised from mixtures of 
nitromethane, ethanol and diethyl ether using the solvent ratios 
Indicated In Table 3.1. The products were fInally washed with 
ethanol· (2 x 5 cm 3) and diethyl ether (3 x 5 cm 3). The Pb2+ and 
Cd2+ metal complexes of L6 and L7 were prepared by mixing (0.4 mmol) 
of each ligand in ethanol (5 cm3) with [Cd(H20)4)[N03)2, and 
Pb(N03)2 in ethanol (10 cm3) and the reaction mixture stirred for ~ 
h. The product preCipItated as white solid by addItIon of dry 
diethyl ether (25 cm 3). These were fll tered under dini trogen and 
washed with dry dlethyl ether (3 x 10 cm3). The yIelds and 
elemental analyses are collected In Table 3.1. Proton-decoupled 13C 
n.m.r. chemIcal shIfts of the dIamagnetIc Zn2+, Cd2+ and Pb2+ 
complexes are compared wIth those of the free lIgands In Table 3.4, 
and detaIls of the vIsIble spectra and magnetIc moments of the NI 2+ 
and Cu2+ complexes are In Table 3.2. Parts of the fast atom 
bombardment (f.a.b.) mass spectra of the complexes of L5, L6 and L7 
compared with calculated values in Table 3.3. 
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SECTION 6 CRYSTAL STRUCTURE ANALYSIS FOR [Zn(L7)](CL04)2 
Crystals of C17H31Cl2N508Zn suItable for crystallography 
were obtained as white plates from nitromethane solution. A crystal 
wIth dimensions 0.30 x 0.12 x 0.13 mm was chosen. Systematic 
absences hOI, h + / = In, and OkO, k = 2n IndIcated the monoclInIc space 
group p21/cJ Af - 569.74, a - 9.935 (3), b - 15.603 (4), c - 15.202(3) 
A, B - 94.30(2)0, U = 2349.9(1.0) A3, Z - 4, Dc - 1.61 g cm-3, Afo-Ka 
radIation, ~ - 0.71069 A, ~(Ho-Ka) - 13.48 cm-1, T - 290 K, F(OOO) -
1183.76. Data were collected with a maxImum 29 of 450 scan range % 
0.90 (29) around Ka1 -Ka2 and wIth a mInImum scan speed of 2.5 mIn-1, 
depend I ng on the I ntens I ty of a 2 S pre-scan. Backgrounds were 
measured at each end of the scan for 0.25 of the scan tIme. Three 
standard reflectIons were monItored every 200 reflectIons, and 
showed slight changes durIng data collectIon, the data were rescaled 
to correct for th Is. Un I t ce 11 d I mens Ions and standard dev I at Ions 
were obtained by a least-squares fIt to 15 reflections with 18 < 29 
< 200 • 
ReflectIons were processed using profile analysIs to give 
3380 unIque reflectIons, 1816 with [I/s(1) ~ 3.0] were used In 
refInement, and corrected for Lorentz, polarIsatIon and absorptIon 
effects, the last by the GaussIan method. Heavy atoms were located 
by the Patterson interpretation section of SHELXTL 123, and light 
atoms found by success I ve FourIer syntheses. AnIsotropIc thermal 
parameters were used for all of the non-hydrogen atoms. Hydrogen 
atoms were gIven fIxed IsotropIc thermal parameters, U - 0.07 A2, 
Inserted at calculated posItIons, and not refined. Methyl groups 
were treated as rigId CH3-units, wIth theIr inItIal orientatIon 
taken from the strongest H-atom peaks on a dIfference Fourier 
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synthesis. Final refInement was on F by cascaded least-squares 
methods, refIning 310 parameters. largest positive and negative 
peaks on a fInal difference Fourier synthesis were of height +0.3 
• 3 and -0. 2eA- • A weIghtIng scheme of the form W - 1/ [6 (F)2 + gF2] 
wIth g - 0.00015 was used, and shown to be satIsfactory by a weight 
analysis. The final R value was 0.0394 (Rw - 0.361). In the fInal 
cycle, the maxImum shift/error was 0.03. Scattering factors in the 
ana I yt 1 ca I form and anoma lous d 1 spers I on factors were taken from 
International Tables (1974)!24 Final atomic coordinates are given 
in Table 3.5, and selected bond lengths and angles In Table 3.6. 
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TABLE l.5 
ATOMIC COORDINATES (x 10 ) IN [Zn(L7)](CL04)2 
Atom X Y Z 
Zn 2308.3(7) 6966.5(4) 6067.7(4) 
Cl(l ) 2725.3(17) 8822.7 (11) 8455.6(10) 
Cl(2) 2427.3(19) 5263.7(11 ) 1704.7(12) 
0(1) 2434(6) 8728(4) 7559(3) 
0(2) 3305(6) 9632(3) 8653 (4) 
0(3) 3652(6) 8165(3) 8735(4) 
0(4 ) 1553 (7) 8735(4) 8880(5) 
0(5) 3494(5) 5110(3) 1146(3) 
0(6) 2826(8) 5894(4 ) 2320 (4) 
0(7) 1296(6) 5522(4) 1176(4) 
0(8 ) 2171(6) 4494(4) 2139 (4) 
N(1) 2246(5) 6550(3) 7307(3) 
N(2) 104(4) 7067(3) 6271(3 ) 
N (3) 1985(5) 8099(3) 5387(3) 
N (4) 2723 (5) 6387(3) 4874(3) 
N(5) 4495(5) 6677(3) 6449(3) 
C(l) 3291(6) 6139(4) 7698 (4) 
C(2 ) 3279 (7) 5850(4) 8551(4 ) 
C(3) 2155 (7) 5996(4) 8995 (4) 
C(4 ) 1056 (7) 6409(4) 8568(4) 
C(5 ) 1132(6) 6697(4) 7729(4) 
C(6 ) 74(6 ) 7235(4) 7233(4) 
C(7) -680 (7) 6286(4) 6047(4} 
C(8 ) -390(6} 7808(4) 5728(4) 
C (9) 707(6) 8486(4) 5667(4} 
C(10) 3079(7) 8748(4) 5503 (4) 
C(11 ) 1840(7) 7807(4) 4439(4) 
C(12 ) 2880 (7) 7136(4) 4282 (4) 
C(13 ) 1693(7) 5789(4) 4472(4) 
C(14 ) 4014 (6) 5904(4 ) 5033 (4) 
C(15 ) 5066(6) 6384(4) 5638 (4) 
C(16) 5319(7) 7377 (4) 6877(5) 
e(17 ) 4400(6) 5968 (4) 7098(4) 
Zn-N(1 ) 
Zn-N(3) 
Zn-N(5) 
Cl(1)-O(2) 
Cl (1)-0(4) 
Cl (2)-0(6) 
Cl(2)-O(8) 
N(1)-C(5) 
N (2 )-C (7) 
N(3)-C(9) 
N(3)-C(11) 
N(4)-C(13) 
N(5)-C(15) 
N (5 )-C (17) 
C(1 )-C(17) 
C(3)-C(4) 
C(5)-C(6) 
C(ll )-C(12) 
N(l)-Zn-N{2) 
N(2)-Zn-N(3) 
N(2)-Zn-N{4) 
N(1)-Zn-N(5) 
N(3)-Zn-N(5) 
TABLE 3.6 
SElECTED BOND LENGT~S {~} AND ANGLES {O} IN 
[Zn (L )] (CI04)2 
1.999(4) 
2.061(5) 
2.252(5) 
1.411(5) 
1.380(7) 
1.394(6) 
1.403(6) 
1. 340 (8) 
1.473(8) 
1.496(8) 
1.508(7) 
1. 483 (8) 
1.468(8) 
1. 489 (8) 
1.506(9) 
1.386(9) 
1.504(8) 
1.502(9) 
78.1(2 ) 
83.8(2) 
114.0(2) 
77.8(2) 
114.4(2) 
Zn-N(2) 
Zn-N(4) 
Cl (1 )-0 (1) 
Cl (1 )-0 (3) 
Cl (2)-O{5) 
C1(2 )-0{7) 
N (1 )-C(1) 
N(2)-C(6) 
N(2)-C(8) 
N(3)-C(10) 
N(4)-C(12) 
N (4 )-C(14) 
N (5 )-C(16) 
C(1)-C(2) 
C(2)-C(3) 
C(4)-C(5) 
C(8)-C(9) 
C(14)-C(15) 
N (1 )-Zn-N (3) 
N (1)-Zn-N (4) 
N (3 )-Zn-N (4) 
N(2)-Zn-N(5) 
N(4)-Zn-N(5) 
2.240(5) 
2.095(5) 
1.379(5) 
1.423(6) 
1.428(5) 
1.392(6) 
1.322(7) 
1.489(7) 
1. 481 (7) 
1.485(8) 
1.490(7) 
1.492(8) 
1.485(8) 
1.375(8) 
1. 366 (10) 
1.360(8) 
1. 527 (8) 
1.535(9) 
137.5(2) 
134.3(2) 
88.2(2) 
155.9(2) 
83.6(2) 
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SECTION 1 INTRODUCTION 
The growing Interest In recent years In the synthesis and 
study of blnucleatlng ligands has been stimulated In part by studies 
of ferro- and anti-ferromagnetic exchange coupling, as well as 
Interest In the binding and activation of small substrate molecules 
between two metal centres, and an examination of multi-electron 
redox reactions. The blnucleating ligands may also serve as small 
molecule models for bimetallic metalloenzyme systems. The area has 
been very well documented~0,138-144 The synthesis and study of an 
octaazamacrocycle, and I ts bimetallIc nickel (II), copper (II) and 
zlnc(II) complexes are reported In this Chapter. 
SECTION 2 RESULTS AND DISCUSSION 
SECTION 2.1 LIGAND SYNTHESIS 
The dlsodlum salt of the ditosylated derivative of the 
readily available amine, N, N '-bls (3-amlnopropyl )piperazlne, was 
reacted wIt~ the dltosylated dialcohol (1,3-propane diol) using the 
RIchman & Atkins procedure (Scheme 4.1, page 120) in the hope to 
obta 1 n the 1 + 1 add 1 t I on product and the 15-membered macrocyc 1 e 
shown In Figure 4.1. 
FIGURE 4.1 
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Such a macrocycle is interesting because of the rigidity 
Imposed by piperazine ring, and the avallablll ty of two secondary 
amine groups which are accessible for further derlvatlsation (e.g. 
enabling the addition of two pendent arms and the formation of 
sex I dentate macrocyc I es) • However, when the react 1 on was carr 1 ed 
out as described in Section 5.1 (page 119), and the macrocycle 
isolated and characterised by IH and 13c n.m.r. (Figure 4.2), 
a 1 though these n. m. r. spectra were cons i stent wi th structure 4.1, 
the mass spectrum showed that the coupling reaction involved 2 + 2 
addition to give the dlmer shown In Figure 4.3 (molecular mass m/z 
480) • 
FIGURE 4.3 
This Is not surprising considering that the piperazine ring 
is more stable in the chair form!45,146 Molecular models of the open 
chain precursor show that the amine ends are far apart and this 
geometry precludes 1 + 1 addition making 2 + 2 addition more 
feasible (Figure 4.4). 
104 
FIGURE 4.2 
Proton decoupled I3C n.m.r. of LIO In CDCl3 solvent 
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FIGURE 4.4 
The macrocycle L10 was extracted from basic aqueous solution 
with dichloromethane as described in Section 5.1 (p. 119). To 
improve the yield a continuous extraction procedure was employed to 
the remaIning aqueous layer for 48 h. The whIte solid recovered 
from thIs continuous extraction has a 13C n.m.r. spectrum (Figure 
4.5) characteristically different from the spectrum obtained in the 
same solvent for the first fraction. On the basis of the number of 
13C resonances and theIr chemIcal shifts (all are methylene 
carbons), together with the mass spectrum of thIs molecule whIch 
shows a parent Ion peak at m/z 504, it 1 s ev 1 dent that 1 n the 
presence of dichloromethane at high pH, and with a long extraction 
tIme, two of the secondary amIne groups In macrocycle LI0 react wIth 
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the d 1 ch loromethane so 1 vent to form a br 1 dge-head methy 1 ene group 
between each of the two secondary amine groups gIving the new ligand 
Lll (FIgure 4.6). 
SECTION 2.2 
FIGURE 4.6 
SYNTHESIS OF BINUCLEAR COPPER (II) , NICKEL (II) AND 
ZINC(II) COMPLEXES OF L10 
The binuclear metal complexes of L10 were prepared by mIxIng 
ethanolic solutIons of the dimethyl suiphoxide solvates in case of 
the NI 2+ and Cu2+ complexes or aquo-solvates in the Zn2+ complex. In 
each metal (2 moles equivalents) were mixed wIth LlO (1 mole 
equIvalent) as descrIbed In detail in Section 5.2. The complexes 
were isolated In good yIeld and found to have formulae 
fM2(L10)(DMSO)m](CI04)4.nDMSO (M - Cu, m - 0, n - 1, M - Ni, m - 1, 
n - 0; and M - Zn, n - m - 0). The vIsible spectra of [CU2(L10)]4+, 
and [NI 2(L10 )(DMSO)]4+ In H20, DHSO, DMF, CH3CN and CH3N02 solvents 
are given In Table 4.1. The visible spectrum of an aqueous 
solutIon of [Cu2(L10)](CI04)4.0MSO shows a single strong band at 590 
nm. A similar spectrum Is reported for [Cu(NH3>4]2+, indicating that 
the copper (II) complex of l10 Is four-coordlnate!47 Although 
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chemical analyses (including sulphur analysis) confirm the presence 
of 0l1S0 in the Cu2+ complex of LI0, the infrared spectrum of the 
complex shows no s-o stretching frequency in the 900-1000 cm-1 
region as expected for a co-ordinated DI150 molecule. Uncoordinated 
DI150 is obscured by the broad band from CI04- ion in the 1000-1100 
cm-1 region. The magnetic moment of [cu2(L10}]4+ ion at room 
temperature Is 1.34 8.11. per coppedII} ion. This unusually low 
value could indicate some magnetic interactIon between the two 
copped II } ions. No other evidence for such an Interaction was 
found and the question was not pursued further. The dIffuse 
reflectance spectrum of [Ni2(L10}(0I1S0)](CI04}4 shown in FIgure 4.7 
Is clearly complIcated, It dIffers from any of the spectra found for 
octahedral and square planar nIckel (II) complexes!48 SInce it Is 
evident from infrared spectral data that DI1S0 coordInates to the 
nickel(II) ion (v(S-O), 965 cm-1 ]~49 a five-coordinate geometry 1 s 
assigned to one of the NI2+ Ions in the complex. Recently a 
comprehensIve spectroscopIc investIgatIon of flve-coordinate 
n 1 cke I {II} comp I exes has been reported, and 1 tIs now we 11 known 
that most low-spin square planar nickel(II) complexes have d-d bands 
in the regIon 400-560 nm!48 On the other hand, high-spin 
tetragonal-pyramidal nickel (II) complexes show d-d bands In the 
region 370-1500 nm!50 ConsIderIng these facts, at least one of the 
two nIckel (II) Ions In the [Ni2(LI0)(01150)](C104)4 complex appears 
to have a hIgh-spin five-coordinate geometry possibly with the 
structure shown In FIgure 4.8. 
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FIGURE 4.7 
DIffuse reflectance spectrum of [NI2(L10)(DHSO)](CI04)4 
200 300 400 500 800 700 800 
nm 
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4+ 
FIGURE 4.8 
In fact the magnetic moment of the dinickel(II} complex at 
room temperature is 2.10 8.H. per nickel(II) Ion. The relatIvely 
low magnetIc moment of the complex can be explained on the basis of 
-.~. --
either (i) an antiferromagnetic exchange interaction between a paIr 
of paramagnet I c n I cke I (II) Ions or (I I) a b i nuc 1 ear system hav i ng 
one of paramagnetic and one diamagnetIc nickel(II) ion. To clarify 
thi s point a varIable temperature magnetIc susceptibility study of 
this complex is required, but the equipment for such a study was not 
available to us. There are only a few reports of complexes 
contaIning mixed hIgh and iow spIn nickel (II) ions!51-154 
The diffuse reflectance spectrum given· in Figure 4.7 for 
(Ni 2(L10)DHSO]4+ as well as the nitromethane solution spectrum of 
this complex, can be explained as the superposition of the spectra 
of low-spin planar and high-spin square pyramidal five-coordinate 
nickel(II) ions. A crystal structure determinatIon of solid 
[N i 2 (L 10 }DHSO ]4+ i on Is requ 1 red to conf 1 rm the proposed structure 
shown in Figure 4.8. 
The vIsIble spectra of In 
coordInating solvents (DHSO, DHF, CH3CN and H20) are gIven In Table 
4.1, and are typIcal of octahedral nickeI(II) complexes. The 
f.a.b. (fast atom bombardment) mass spectra of the binuclear 
11 1 
copper(II), nlckel(II) and zlnc(II) complexes of L10 show a cluster 
of peaks centred at m/z 905, 895, and 907 respectIvely attrIbutable 
to the [M2(L10 )(CI04)3]+ ions (M - Cu, or Ni or Zn), and show 
sequential loss of 3 moles of perchloric acid (m/z 100) in each 
complex. This behaviour Is similar to our earlier studies (see 
Chapters 2 and 3). In addi tion, strong peaks centred at m/z 781, 
681 . and 581, attr i buted to protonated Ii gand were observed I n the 
zinc(II), and nickel (II) spectra, but not in copper (II) spectrum, 
indIcating that the copper(II) complex of L10 is the most stable of 
the three. The proton decoupled 13C n.m.r. spectrum of 
[Zn2(L 10) ](CI04)4 (chemical shl fts compared with those for the free 
macrocycle in Table 4.2) reveals the presence of a single symmetric 
spec I es. The number of resonances expected for such a spec I es Is 
sIx, wIth two upf 1 e 1 d resonances ar 1 sIng from the C-CH2-C carbon 
atoms, one of them at s 23.61 p.p.m. (relatIve area 2), and the 
other at 6 20.78 (relatIve area 4) (these resonances appear at 6 
25.41 and 25.32 p.p.m. respectively in the free macrocycle). 
Attempts to prepare bImetallIc complexes of Lll usIng a 
simIlar procedure to that described for LID were unsuccessful. The 
products recovered from these react Ions were 011 s , and these 011 s 
did not solIdify upon repeated treatment with dry dlethyl ether. 
SECTION 3 
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ATTEMPTS TO PREPARE A HETEROBIMETAllIC COPPER(I!} 
AND NICKEL(II) COMPLEX OF L10 
·Synthesis of heterobimetallic Ni 2+ and Cu2+ macrocyclic 
complexes have been achieved either by reacting an aqueous solution 
of a suitable macrocyclic ligand (l) [l - bis-cyclam (C-C bridging), 
cyc I am - l, 4 , 8, ll-tetraazacyc I otetradecane) with one equ I va I ent of 
N1 2+ followed by one equivalent of Cu2+, and the heterobimetaillc 
complex separated by column chromatography as reported by Kaden and 
Fabbrizzi~1 or by refluxing a methanolic solution of mono-copper(II) 
complex of a 30-N604-dipyridyl containing macrocycle with a 
four-fold excess of Ni 2+ for 5 h as described by Nelson's group!55 
In this study the method of Kaden and Fabbrizzi was used to generate 
[CuNi (llO) ]4+ ion, and the mixture was separated by column 
chromatography on Sephadex C-25 at DoC. Elution with 0.4 mol 
dm-3aqueous NaCI gave three distinct bands. A blue band (~max - 628 
nm) was eluted first and which was found to be the dicopper(II) 
complex. Then a green-blue second band (~max 640 nm) was obtained 
which analysed for the mixed-metal species [NICu(l10)]4+ ion. 
Finally a green band of [Ni2(L10)]4+ (~max - 415, 640, and 1180 nm) 
was eluted with 1.0 mol dm-3 NaCI. These results are analogous to 
those found by Kaden's group. The original solution contains 25% of 
the dicopper{II) complex, 50% of the mixed nickel (II )-copper (II) 
complex and 25% of the dinickel(II) complex, and they should 
separate In the observed sequence. The metal analysis of the three 
bands using atomIc absorptIon spectroscopy showed the first band 
contained 10 JLg per cm3 of Cu2+ and no N1 2+, the second band 
contained 33 JLg per cm3 of Cu2+ and 24 JLg per cm3 of Ni 2+, and the 
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third band contained 20 ~g per cm3 of Ni 2+ and no Cu2+ ion. The low 
metal content In all bands is due to dilutIon by the eluant and the 
Cu2+ content in the second band Is higher than NI 2+ due to 
contamInatIon of thIs band wIth a little dicopper complex of LI0 
(from the first band). 
The mIddle band was collected, concentrated under vacuum 
over sIlica gel overnight and treated wIth ethanol several tImes (td 
precl p 1 tate NaC 1 fIrst) to gIve a green-b I ue so 11 d. In order to 
eliminate the sodium chloride In the product an equIvalent amount of 
AgCI04 was added to an aqueous solutIon of the complex, fIltered, 
concentrated as previously, and treated agaIn with ethanol to give 
green-blue crystalS. "The vIsIble spectrum of this solId In 0.4 mol 
dm-3 aqueous NaCI solutIon was found to be the same as the 
dicopper(II) complex, and the metal analyses showed very low nickel 
content « 0.01%) and acceptable copper analyses for 
[CU2(L10)](CI04)4 (found for Cu, 13.0%, Calc., 12.8%). The 
dIfference In the vIsIble spectrum of the second band ImmedIately 
after be I ng eluted from the co 1 umn and the spectrum of the so 11 d 
recovered from this band after crystallisation In the same solvent, 
IndIcate that disproportionation has occurred. 
(1) 
The drivIng force for thIs disproportionation is presumably the 
greater stability of the dicopper(II) complex. 
Further evidence for this disproportionatlon came from a 
visIble spectral stUdy at 520 C over a period of 2 h, which showed 
changes 1 n absorbance with tIme as expected for equ III br i um (1 ) 
(Figure 4.9). A plausible mechanism is as foliowsl 
FIGURE 4.9 
Visible spectra for equilibrium 
2[CuNi(LIO)]4+ ~ [CU2(LIO)]4+ + [Ni2(LIO)]4+ 
] ] 4 
recorded at 5 min. time Intervals. Absorbance increases with tIme 
(A to B) followIng an InItIal InductIon period. 
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[CuNIL]4+ 
[CuNIL]4+ [NIL]2+ + Cu2+ 
[CuL]2+ + Cu2+ ~ [CU2L]4+ 
-k_3 
[NIL]2+ + N12+ k4 I [Ni 2L]4+ -k_4 
The spectral changes are complex (e.g. an induction period is 
evident), and obviously more than one kinetic step Is involved. 
Conformat 1 ona I changes wIth i n the mononuc I ear comp I ex cou I d a I so 
contribute to the overall dynamic process, complicating this 
simplified scheme further. 
TABLE 4.1 
ELECTRONIC SPECTRAL DATA AND MAGNETIC MOMENTS FOR 
BINUCLEAR NICKEL{II) AND COPPER{II) COMPLEXES OF LiO 
Complex Colour 
[Ni 2{L10 ){DMSO)]{CL04)4 Pink 
[CU2(L10)]{CI04)4·0MSO Blue 
a - In dimethyl sulphoxide. 
b - In nitromethane. 
c - In acetonitrile. 
d - In N,N-dimethyl formamide. 
e - In water. 
lLeff B.M. 
2.10f 
1.34 f ,g 
fs This magnetic moment is per metal ion. 
}.max(e} 
1250(8), 755(7), 680(10), 398(sh) 
1015(12), 655(26), 480{sh) 
930(25), 580(36), 375(sh) 
1130(13}, 662(19), 385{68} 
1240(15}, 1040(19}, 540(30}, 375(sh} 
608(394) 
575 (368) 
588(416} 
602(392) 
590(203) 
590 
Reference 
a This work 
b This work 
c This work 
d This work 
e This work 
a This work 
b This work 
c This work 
d This work 
e This work 
e 147 
gs This unusually low value per copper(I!) ion may indicate some magnetic interaction between the two 
copper{II} ions. 
0'\ 
TASLI 4.2 l3C N.M.R. DATA (6 P.P.M.) FOR LIGANDS L 0 AND Lll AND [Zn (LlO)](CIO) AT 298 K 
(REFERENCE SlHe, AT 6 0.00, FIGURES IN PARENTHESES REPRESENT THE REtATIVE AREA\ 'bF THE RESONANCES) 
Compound Solvent N-CH2-N C-CH2-N CH2-CH2 N-CH2-C C-CH2-N C-CH2-C C-CH2-C ~CH2-CH2~ 
N N 
L10 CDCl3 57.37(4) 53.47(8) 49.44(4) 48.92(4) 29.46(2) 27.00(4) 
Lll CDCl3 72.28(2) 55.89(4) 52.99(8) 53.61(4) 51. 91(4) 22.40(2) 24.35(4) 
LI0 DMSO-d6 55.86(4) 52.77(8) 47.74(4) 46.65(4) 25.41(2) 25.32(4) 
[Zn2(L1O )](CI04)4 DMSO-d6 56.91(4) 52.01(8) 53.13(4) 50.24(2) 23.61(2) 20.78(4) 
-...j 
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SECTION 4 EXPERIMENTAL 
The experimental techniques and InstrumentatIon are 
dIscussed In detaIl In Chapter VII. 
CHEMICALS AND SOLVENTS 
(1) See Chapter II, SectIon 5. 
(ii ) 1, 3-Propananed 1 0 I and N, N ' -b is (3-am 1 nopropy I ) pI peraz 1 ne 
were obtaIned from AldrIch and used wIthout further 
purl flcatlon. 
( III ) 4-Methy 1 benzene su 1 phony 1 ch 1 or 1 de was pur 1 fled by 
recrystailisation from dlethyl ether. 
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SECTION 5.1 PREPARATION OF 1.5.9.13.16.20.24,2S-ocTAAZATRICYCLD-
[26.2.2.213•16 ]-TETRATRIACONTANE (L10 ) 
The lIgand L 10 was prepared following the synthetIc routes 
outlIned In Scheme 4.1 overleaf. 
(1) Preparation 
sulphonate) 
of 1.3-propanediol bIs-(4-methyl-benzene 
To a mixture of 1,3-propanediol (10 g, 0.131 mol) and 
triethyl amIne (26.6 g, 0.263 mol) In (300 cm3) CH2C1 2 was added 
dropwise a solutIon of p-toluene sulphonyl chlorIde (50.11 g, 0.263 
mol) in CH2CI2 (200 cm3) at room temperature wIth good stIrrIng over 
a perIod of IH h. The reactIon mIxture was left to stIr for 2 more 
hours and then 500 cm3 of lIght petrol (b.p. 40-600 ) was added to 
precIpItate the product as whIte solId. ThIs was filtered and washed 
with dlethyl ether (3 x 50 cm3) and water (4 x 100 cm3). The 
product was kept In a dessicator over silIca gel for a week to dry. 
The yield was (28.26 g, 73.6 mmol, 56%), m.p. 940 C (reported 
940 C)!56 1H n.m.r. (CDCI3)' 5 2.00 (2H, pentet), 2.46 (6H, s), 4.0S 
(4H, t), 7.33 (4H, d), 7.73 (4H, d) p.p.m. 
(11) Preparation of N.N'-bls(4-methyl-benzene sulphonate)-
N,N'-bis(3-amlnopropyl)piperazlne 
The amine N,N'-bis(3-aminopropyl)pIperazine (30 g, 150 mmol) 
was dissolved in CH2Cl2 (200 cm3) and triethyl amine (30 g, 299 
mmol) was added. The reaction mixture was stIrred at room 
temperature durIng the dropwise addition of 4-methyl benzene 
sulphonyl chloride (57.1 g, 300 mmol) in CH2Cl2 (200 cm3) over a 
period of 1 h. The reactIon mIxture was left to stIr for 2 h, and 
then poured into diethyl ether (200 cm3) to give white solId. This 
HO OH 
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was filtered, washed with water (5 x 100 cm3), and dried In a 
desslcator over sIl1ca gel (1 week). The yIeld was (66.72 g, 131 
mmol,88%). H.p. 200 dec., IH n.m.r. (CDC13) 6 1.63 (4H, pentet), 
2.45 (18H, m), 3.07 (4H, t), 7.15 (2H, broad), 7.30 (4H, d), 7.72 
(4H, d), p.p.m. 
(Ill) PreparatIon of the tosylated macrocycle 
N,N'-dl(4-methyl benzene sulphonate)-N,N'-bls(3-amino 
propyl) piperazine (20 g, 39.37 mmol) was dissolved In dry 
N,N'-dimethyl formamide (300 cm3) and NaH (2.77 g, 115 mmol, 20% 
excess) was added In small portions, whIlst the reactIon mIxture was 
stIrring under dinitrogen. Effervescence occurred. When gas 
evolutIon ceased, the solution was heated to 1000C and a solutIon of 
1,3-propanedlol-bls(4-methyl benzene sulphonate) (15.085 g, 39.3 
mmol) was added dropwlse over a period of 3 h. The resultIng pale 
brown solution was heated at 1100 C overnight, and then allowed to 
cool to room temperature. An equal volume of water was added, and 
the whole solvent was then removed by evaporatIon under reduced 
pressure to I eave a v I scous brown 011, wh 1 ch was re-d I sso I ved 1 n 
water and extracted wIth CH2Cl2 (4 x 100 cm3). The dichloromethane 
extracts were dried over HgS04, fIltered and the solvent removed to 
give a very viscous brown oil, which was kept under hIgh vacuum at 
650 C overnight to remove the last trace of DHF. The product was 
used in the next stage without further purification. 
(iv) Preparation of lIgand (L10 ) 
The tosylated LI0 (product of the reactIon described above) 
(12 g, 10.9 mmol) was dIssolved In concentrated H2S04 (80 cm3) and 
heated at 1000 C for 72 h. After cooling In an Ice bath, the 
solution was poured into cold ethanol (200 cm3), followed by the 
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addition of diethyl ether (500 cm3). The resulting pale brown 
precipitate was filtered and dissolved in water (50 cm3). The pH of 
the solution was adjusted to 11 with 15% aqueous NaOH followed by 
extraction wi th CH2Cl2 (7 x 100 cm3). The combined extracts were 
dr I ed over MgSO 4' f 11 tered, and the so 1 vent removed with a rotary 
evaporator to gIve a pale yellow solId. ThIs was passed through an 
alumina column using CH2Cl2 as eluant. Upon removal of the solvent 
from the first fraction LID (1.5 g, 3.125 mmol) was obtained in 29% 
yield. IH n.m.r. (CDCI3) 1.74 (12H, pentet), 2.32-2.70 (40H, m), 
3.2 (4H, broad). The electron impact spectrum showed m/z at 480. 
calc. for parent ion, 480. 13C n.m.r. chemical shifts are given in 
Table 4.2, and the spectrum is shown in Figure 4.2. 
SECTION 5.2 PREPARATION OF METAL COMPLEXES OF L10 
(1) [N1 2 (LI0)(DHSO)](CI04 )4 
[NI(DMSO)6](C104 )2 (605 mg, 0.S33 mmol) was dissolved in 
ethanol (10 cm3 ) and a solution of L10 (200 mg, 0.417 mmol) in 
ethano I (5 cm 3 ) was added dropw i se (~ h). The resu I t I ng pInk 
precipItate was filtered and washed wIth ethanoi (3 x 5 cm3 ), then 
dlethyl ether (3 x 5 cm3 ) and dried in vacuum to gIve the product 
(250 mg, 0.233 mol) in 56% yield. Microanalysis, found I C, 31.6, 
H, 5.S, N, 9.9, S, 3.6. Calc. for C2SH62CI4NSNI2017S, C, 31.3, H, 
5.8, N, 10.4, S, 3.0%. 
(II) [Cu2(LI0)](CI04)4.DHSO 
LI0 (100 mg, 0.20S mmol) in ethanol (5 cm3) was added to 
[Cu(DMSO)6](C104 )2 (304 mg, 417 mmol) in ethanol (10 cm3) in the 
similar method as described for nIckel (II) complex. The resulting 
blue preCipitate was fIltered, washed with ethanol and dried in 
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vacuum to gIve [cu2{LI0)](C104)4.0MSO, (180 mg, 0.179 mmoI) In 80% 
yIeld. MIcroanalysis, found: C, 31.3, H, 5.8, N, 9.8 and S, 3.2. 
Calc. for C28H62C14Cu2N8017S: C, 31.0, H, 5.8, N, 10.3, and S, 
3.0%. 
(Ill) [Zn2(l10)](CI04)4 
Zn(CI04)2.6H20 (466 mg, 1.25 mmol) was dIssolved In EtOH (10 
cm3) and added to a solution of L1D (300 mg, 0.625 mmol) In EtOH (10 
cm3) under dry dinitrogen. The product was precIpItated by the 
add 1 tlon of dry dlethyl ether (3D cm3). Fll tratlon under 
dini trogen and drying In vacuum gave [Zn2 (LI0) ](CI04)4' (360 mg, 
0.358 mmol) In 57% yield. MIcroanalysis, found I C, 31.1, H, 6.0, 
N, 10.S0. Calc. for C26H56Cl4NS016Zn21 C, 30.9, H, 5.6, N, 
11.1% . 
SECTION 6 
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ATTEHPTS TO PREPARE A HETEROBIHETALLIC COPPER(II) 
AND NICKEL(II) COHPLEX OF LiO 
To a stirred solution of LiO (233 mg, 0.485 mmol) in water 
(20 cm3) at 350 C, was added NHN03)2.6H20 (141 mg, 0.485 mmo!) in 
water (10 cm3) to give a green solution. After ~ h a solution of 
Cu(N03)2.3H20 (117 mg, 0.485 mmol) in water (10 cm3) was added. The 
solution colour was changed to blue-green. The reaction mixture was 
left to stir for ~ h more, cooled in ice bath, carefully transferred 
to a jacket-column (400 x 20 mm) packed with Sephadex C-25 resin (16 
g), which had been swelled in distilled water, and the column cooled 
with ice at OOC. Elution with 0.4 mol dm-3 aqueous NaCI gave three 
distinct bands as described in Section 3. The third band which is 
the dinlckel complex of L10 Is eluted wIth 1.0 mol dm-3 aqueous 
NaCI. 
CHAPTER V 
SYNTHESIS OF PENDENT-ARM MACROCYCLES 
AND THEIR COPPER{II) AND NICKEL(II) COMPLEXES 
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SECTION 1 INTRODUCTION 
There Is consIderable current Interest In the synthesIs and 
InvestIgatIon of functionalised macrocycllc ligands and theIr metal 
complexes especially those with pendent coordinating arms~ An 
InterestIng lIgand Is the mono-substituted derivative CL12) which 
was reported by Kaden!57 
c~ 
MezN-C~-CHlN 
NH 
Me 
Synthesis of such ligands using one equivalent of an 
alkylating agent in the direct alkylation of a tetraazamacrocycle 
such as 1, 4,8, ll-tetraazacyc I otetradecane (cyclam) has proved 
unsatisfactory due to the formatIon of a mixture of di-, tri- and 
tetra-substituted macrocycles, which can be difficult to separate. 
Two main routes have been found for the satisfactory synthesIs of 
these monosubstituted macrocycles~ The first route devised by 
Kaden158 Involved the use of a template reaction, In which one of 
the compounds a 1 ready had the requ 1 red s 1 de-cha 1 n attached to 1 t. 
Generally, the side-chaln used has a hydroxide or chloride 
functional group, so conversion to other deri vatl ves Is possible. 
The second main method of synthesis Involves the use of protecting 
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groups. Tosyl or mesyl groups are normally used to protect the 
nitrogens, and these are removed later by acid hydrolysis!59 In this 
method a variety of attacking species may be used for attachment of 
a pendent group. 
amin051 ,52,160-163, 
hydroxo169 ,170, 
So far macrocycles with pendent co-ordinating 
amido164-166, pyrldyl160,167,168, 
phenolato171 ,172, phosphino173 ,174 and 
carboxylato175-177 arms have been investigated. Many of these new 
macrocycles are able to impose unusual coordination numbers and 
geometries on a metal ion. 
In this Chapter synthesis of macrocycles with pyrrolidinyl, 
cyano, amido and acetato pendent-arms and their copper(II), and 
nickel (II) compiexes are reported. 
SECTION 2 
SECTION 2.1 
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RESULTS AND DISCUSSION 
SYNTHESIS OF 7-[2'-(1"-PYRROlIDINYl)ETHYl]-
3,7, 11.17-TETRAAZABICYClO[11.3.1]HEPTADECA-
1(17),13,15-TRIENE (ll3) 
~31 RJ a::: CN-CHZCH Z-' 
~4; R'. MezNCHzCH z-
C5, R'. MezNCHzCHzCHZ-
FIGURE 5.1 
The synthesIs Is outlined In Scheme 5.1 (p. 146). The 
Michael addition of excess acrylonitrile to 1-(2-aminoethyl) 
pyrrolldine proceeds smoothly In the presence of ethanoic acId as 
catalyst. The addition of this catalyst gIves cleaner products, and 
the reaction time is significantly shortened. The two nitrIle 
groups of (1) are readily reduced to the corresponding amino groups 
(2) using sodium in ethanol. Formation of the di-imine macrocyclic 
takes 6-8 h startIng with amine (2) and pyrldine-2,6-dlcarbaldehyde 
In the presence of Ni 2+. The sluggish nature of this reaction may 
be due to the formation of an 'umbrella-like' complex by (2), whIch 
Is well known for the analogous ligand 
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tren (2,2' ,2"-triaminotriethylamine). In an 'umbrella like' 
structure the prImary amino groups are not favourably dIsposed for 
the di-lmlne formation, which requires a planar geometry. Sodium 
tetrahydroborate was used to reduce the two Imine groups, and the 
free ligand (L13 ) was lIberated by treatment of the reaction mixture 
with excess sodium cyanide. 
The new pendent arm macrocycle L13 (Figure 5.1) was designed 
with an arm ab 1 e to produce a fIve-membered che I ate rIng, and was 
obtained for comparison with the related ligands containing pendent 
2 or 3) whIch have been reported 
pre v I ous I yP 3,161 It was expected that the bu I k I er pyrro 11 d i ny I 
groups would hinder folding of the macrocycles, and be more likely 
to produce complexes in which the metal Ion Is slx-coordlnate, wIth 
axial unldentate ligand (X) occupying a uans position to the pendent 
arm, structure type (I), Figure 5.2, rather than the folded 
macrocycllc. trigonal blpyramldal structures, type (II), found 
prevlously!61 
( II) 
FIGURE 5.2 
SECTION 2.2 
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SYNTHESIS OF NICKEL(II) AND COPPER(II) COMPLEXES OF 
l13 
ReactIon of l13 wIth [M(DMSO)6](CI04)2 (M - Nl or Cu) In 
ethanolic solutIon rapidly gives complexes of formula 
[H (l13 )OC103 ]C104 whIch precIpItate soon after mIxing and can be 
recrystallised from nitromethane-ethanol. The blue nickel (II) 
complex is paramagnetic (/leff - 2.8 B.M.) and six-coordinate as 
shown by the crystal structure (Figure 5.3, p. 132). BondIng is of 
type (I) (FIgure 5.2) in which the pendent arm is coordinated at the 
apex of a square pyramid, with a perchlorate ion coordInated in a 
trans pos 1 t 1 on to the pendent arm, and wIth the macrocyc 11 c rIng 
occupying the equatorIal plane. The complex remaIns sIx-coordInate 
In nitromethane solutIon as shown by the vIsIble spectrum (Table 
5.1, p. 143). The copper(II) and nickel(II) complexes of L13 are 
Isomorphous, and both may be protonated to give four-coordinate 
complexes of formula [M (HL 13) ](CI04)3 (M - Ni or Cu) in which the 
pendent arm is protonated and non-coordInating. The yellow 
protonated nIckel (II) complex is dIamagnetic and In ni tromethane 
solutIon the sharp 13C n.m.r. spectrum (chemical shIfts are In Table 
5.2, p. 144) and the vIsIble spectrum (Table 5.1, p. 143) confirm 
the expected square planar geometry. The n.m.r. data show that only 
a single symmetric isomer is present. Three isomers are possible as 
shown schematIcally In FIgure 5.4, of the two possIble symmetric 
isomers, (A) is believed to be the more likely structure for 
[NI(HL13 )]{CI04)3 J based on previous studIes and the crystal 
structure In SectIon 2.3. 
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r(+)'\ i(·),\ 1'+)\ 
H NR (+) H NR (+) H NRC+) 
"C+)/ ~C.)/ "C. )J 
CA) C B) C c ) 
.. 
FIGURE 5.4 
SchematIc representatIon of the three possible isomers of 
square-planar [NHHL}]3+ Ions (L .. L13 ), (+) and (-) represent the 
pos i t Ions of either macrocyc 11 c NH groups or N pendent arm (R), 
eIther above (+ ) or be I ow (- ) the macrocyc 11 c 11 gand plane. The 
pyridine-N atom is in bold type. (C) Is enantlomerlc. 
The visIble spectrum of [Cu(HL13 ) ](CI04)3 Indicates that thIs Is 
also four-coordinate. 
The protonation-deprotonation equilibria are reversible 
(Figure 5.5), careful adjustment of the pH to ca. 6-7 wIth a suitable 
base immediately regenerating the complexes with pendent arm 
coordInated. 
OH . 
FIGURE 5.5 
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SECTION 2.3 X-RAY CRYSTAL STRUCTURE OF [Nl(L13}OCI031CI04 
The molecular structure of [Ni (L 13 }OCI03 ]CI04, is given in 
Figure 5.3, and shows that the macrocycle coordinates in a 
square-pyramidal fashion, bonding mode (I) (Figure 5.2, p. 128), in 
contrast to the trigonal-bipyramidal geometry [bonding mode (II)], 
found for the Ni 2+ complex of pendent arm macrocycle L16 (Figure 
5.1, p. 127)!61 The pyridine group of L13 probably aids the 
formation of the square-pyramidal mode of co-ordination, and the 
bulkier pendent pyrrolidine group will also assist such a geometry 
for steric reasons. The overall geometry of the complex shown in 
Figure 5.3 is close to octahedral as shown by the bond angles at 
Ni 2+ which are in the range 81-1040 • The Ni-N bond lengths are all 
o 
close to 2.1 A except that to the pyrldlne-N-atom which is 
• 
significantly shorter (1.96 A). This behaviour has been observed In 
several related structures. The NI-O bond length is somewhat longer 
o 
at 2.39 A, as expected. 
0(22) 
FIGURE 5.3 
X-ray structure of [Ni(L13)(OCI03)]CI04 showIng the 
atomic numberIng scheme 
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SYNTHESIS OF 3, 11-DI {CYANOHETHYL)-7-HETHYL-3,7, 11, 
17-TETRAAZABICYCLO[11.3.1]HEPTADECA-1(17),13,15-
TRIENE L17 
FIGURE 5.6 
The drawback of the synthetic routes previously used to give 
pendent-arm azamacrocycles is the iow yield. These routes involve 
coupling reaction between_ two components one of which already has 
the attached pendent-arm. 
One way of avoiding this difficulty is to prepare an 
azamacrocycle with only one or two NH-groups accessible for 
alkylation. An example of such a ligand Is L2 (prevIously prepared 
as descr i bed 1 n Chapter 2 and reference 113). Start I ng from L 2 a 
range of possIble sexidentate macrocycies can be synthesised. Thus, 
L2 was reacted with formaldehyde in the presence of cyanide lon, to 
add two cyanomethy I groups at the secondary am 1 ne groups of L 2, 
thereby giving the sexldentate ligand L17 In excellent yield. The 
purIty of the ligand was confIrmed by IH and 13C n.m.r., Its IH 
decoupled 13C n.m.r. spectrum Is shown In FIgure 5.7. 
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SECTION 3.2 ATTEMPTS TO PREPARE METAL COMPLEXES OF L17 
React i on of L 17 wIth equa I amounts of DMSO so I vates of 
either ·copper(II) , nickel(II) or zinc(II) perchlorate salts In 
ethanolic solution gives blue, pale-blue and white solIds 
respectIvely. The parent peaks m/z shown In f.a.b. mass spectra of 
the copper(II) complex (506 and 488) and the nickel (II) complex (501 
and 483), and also their l.r. spectra [showIng bands at 1624 cm-1 
and 1610 cm-1 for \J (C-O) of an amide arm, for Cu2+ and N12+ 
complexes respectively] confirmed that the products were a mixture 
of hydrolysed and unhydrolysed species. The 13C n.m.r. spectrum of 
the zinc(II) complex of L17 In nitromethane solution also shows that 
thIs complex Is partIally hydrolysed. It has been reported that the 
nitrile group of a copper(II) complex of a cyanomethyl-substituted 
tetraazamacrocycle undergoes hydrolysis to gIve a correspondIng 
amide due to reaction of the metal complex wIth water in aqueous 
solutIonpa 
It Is not surprisIng therefore, that the metal complexes of 
L 17 behave s 1 m II ar I y, react 1 on occurr i ng with traces of water In 
ethanol. 
Attempts at separation of the unhydrolysed and hydrolysed 
products on Sephadex proved difficult due to continuing reaction of 
the cyano-groups with water during the separation. However, 
these metal complexes were used In the next preparatIon wIthout any 
further purification. 
SECTION 3.3 
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HYDROLYSIS OF ONE NITRILE GROUP OF L 17 USING THE 
COPPER (II) AND NICKR (II) COMPLEXES 
~8 
FIGURE 5.7 
Upon refluxing an aqueous solution of the copped I!) or 
nickel(II) complexes of L17 overnight, one of the nitrile groups is 
hydrolysed to an amide group. The f.a.b. mass spectra of the 
complexes shows cluster of parent ion peaks centred at 506, and 501 
for the copper(II) and nIckel (II) complexes respectively, confirming 
the previous deduction. Analytical data and vIsIble spectra (Table 
5.1) of these comp I exes i nd I cate the format i on of fIve coord I nate 
complexes of formula and 
[Ni(L18_H)](C104}.2~20 in which the fifth position is occupied by 
an amide oxygen in the case of copper(II) complex, and by a 
deprotonated amide nitrogen in the case of the nickel complex. The 
visible absorption maxImum of the Cu2+ complex shift to longer 
wavelength (from 590 nm to 650 nm) when pH of the solutIon Is 
increased to 12, whereas the spectrum of the Ni 2+ complex does not 
show any pH dependence, this indicates that the pendent amide group 
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is coordinated through oxygen In the Cu2+ complex at neutral or low 
pH and through am 1 de nItrogen at hIgh pH. In the N i2+ comp 1 ex, 
however, the absence of a pH dependence indIcates that the nItrogen 
Is deprotonated and coordinated at all pH values (6-11). This 
behaviour has been reported previously for a similar system!59 
Attempts were made to hydrolyse the zinc(II) complex of L17 
by refluxing in aqueous solutIon, and to hydrolyse the free lIgand 
3 13 in 6 mol dm- HCl. The C n.m.r. spectra showed loss of the 
pendent-arms under these cond I t Ions, to gIve mIxtures of products 
with none, one and two arms. 13C N.m.r. of the free ligand after 
refluxing in HCl is shown In Figure 5.8. 
FIGURE 5.8 
.13C N.m.r. in 020 of hydrolysed products of L17 obtained by refluxing the ligand in 6 mol dm-3 Hel overnIght at 
8S
o
C. The spectrum is complicated and the aromatic region consistent wIth monoamide arm macrocycle (unsymmetric 
species), none and two amIde arms macrocycles (both symmetric species). There are no resonances In the region of 110-120 p.p.m. Indicating all cyano groups were hydrolysed. 
x 1,4-dioxaneat 67.4 p.p.m. 
x 
1#~ \~~Yt~1 ~J ~Whl ~1VN~~~l~WN~~~~V' \Y Wi ~Wlf1~~~J~· I \1A 
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SYNTHESIS OF 3. 11-DIACETATO-7-HETHYL-3. 7. 11. 17-
TETRAAZABICYCLO[11.3.1]HEPTADECA-1(17},13,15-TRIENE 
(L19) AND ITS COPPER(II) COHPLEX 
CN) 
I 
Me 
[!9; R = CH 2C0 2-
L2" R = H J 
FIGURE 5.9 
ReactIon of L2 wIth two moles of 2-bromoethanoic acId In the 
presence of base {using a published method)175 gave L19 (Scheme 5.2, 
p. 156), and the ligand was isolated as the tetrahydrochioride salt 
in reasonable yIeld. L19 .4HCl was reacted wIth an equimolar amount 
of CuS04.4H20 In 
[Cu(L19H2)CI)CI.4H20. 
water to give green crystals of 
The visIble spectrum of the complex in water 
showed a band at 624 nm which Is close to the value reported for the 
[Cu(NH3)3(H20)312+ Ion (),max 625 nm), and Indicated that not all 
four N atoms of L19 were coordinated!47 The f.a.b. mass spectrum of 
the complex showed a cluster of parent ion peaks centred at m/z 462 
as expected for [Cu{L19H)CI]+. 
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SECTION 4.2 CRYSTAL STRUCTURE OF [CU(L19H2)CI1CI 
As outlined in Chapter 2, there Is considerable current 
Interest In the Isomerisation reactIons of metal complexes of 
tetraazamacrocyclic Ilgands!16 These Isomerisation reactions Involve 
nitrogen-InversIons, and it has been postulated that intermediates 
must be formed in which one or more of the metal-nItrogen bonds are 
broken to allow nitrogen Inversion to occur. Until recently no 
evidence has been found for the exIstence of such an Intermediate in 
which one of the nItrogen atoms Is uncoordinated, and only the 
endo-mode of co-ordinatIon had been found for potentially 
quadridentate tetraazamacrocycle of the type shown In structure (A) 
[X - NRJ R - He or H] (FIgure 5.10). 
In contrast, for tetrathiamacrocycles (X - S) the etO-
structures (8)179 and (e)IS0 have been found as possIble modes of 
co-ordInatIon. The abIlIty of these tetrathiamacrocycles to gIve 
exo-structures I s be 11 eved to be due to the larger size of the 
sulphur-donor atoms whIch reduces the macrocycle cavity. sIze and 
produces greater repulsIons between the sulphur lone-paIrs. 
Recently, an example of a structure of type (8) was reported 
for bInuclear copper(II) complex of a functIonal Ised 
azamacrocycle!SI 
/x ____ x 
M) ( "M 
"x----x/ 
(A) (8) 
FIGURE 5.10 
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The copper(II) complex of L19 was found to have coordination mode 
(C) (H - Cull, H' - H+, X - NR). This is the first example reported 
for a tetra-azamacrocycle with such a coordination mode, the only 
previous example of mode (C) is in a polymeric copper(I) complex of 
a tetrathiamacrocycle (H - H' - CuI, X - S)!80 The molecular 
structure of [Cu(L19H2)CI]+ is shown in Figure 5.11. The He-N group, 
and one of the two acetate-arms of L19 are clearly protonated and 
non-coordinating. The copper(II) complex is approximately trigonal 
bipyramidal, with apical co-ordination to CI and the N (pyridine) 
atom, and with equatorial coordination to the other two nitrogen 
atoms and one acetate arm of L19. The bond lengths and angles are 
shown in Table 5.6, p. 159. As is common for tetraazamacrocycles 
which contain a pyridine moiety, the Cu-N (pyridine) bond length 
o (1.949 A) is signIfIcantly shorter than the other two Cu-N bond 
o 
lengths (average 2.124 A). The CI-Cu-N (pyridine) bond angle 
(178.60 ) Is close to the ideal for a trigonal bipyramidal structure, 
and the other three donor atoms and the copper(II) are approximately 
cop 1 anar. However, the pendent-arm che I ate ring forms an acute 
angle of only 690 at copper(II), and this signIfIcantly distorts the 
trigonal bipyramidal structure. The non-coordinating acetate-arm is 
on the same side of the azamacrocyclic plane as the coordinating 
acetate-arm, which prevents ready coordination in an idealised 
uans-six-coordinate structure. The significant feature of the 
structure is the non-coordination of the He-N group, giving rise to 
bonding mode (C) (H' - H+), which has not been reported previously 
for a tetraazamacrocycle. The conclusion one can draw is that it is 
reasonable to postulate the presence of similar intermediates in the 
isomerisation reactions of tetraazamacrocyclic complexes!16 
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FIGURE 5.11 
Molecular Structure of [CuCL19H2)CI]CI.4H20 
TABLE 5.1 
U.v. VIsIble Spectra [~max/nm (e/dm3mol-1cm-1)] 
and Magnetic Moments (~effm.M.) at Room Temperature 
Complex Colour 
[Ni(L13 )(OCI03)]CI04 Blue a 
[Nl(HL13 )](CI04)3 Yellow a 
[Cu(L13 )(OCI03)]CI04 Blue a 
[Cu{HL13 )]{CI04)3 Purple a 
[Nl(L18_H)]CI04·2~H20 Mauve a 
[Nl(L18_H)]CI04·2~H20 Mauve b 
[Nl(L18_H)]CI04·2~H20 Mauve c 
[CU{L18)](CI04)2·H20 Blue a 
[CU{L18 )]{CI04)2· H20 Blue b 
[Cu(L18 )](CI04)2· H20 Blue c 
[Cu(L19H2)CI]CI.4H20 Green a 
[Cu(L19H2)]CI.4H20 Blue b 
[Cu{L19H2)CI]CI.4H20 Blue c 
a: In nitromethane: 
b: In water: 
c: In dimethyl sulphoxIde, 
~max{E) 
572(45), 772(15), 
1368(17) 
468(148) 
600 (187), 848(37) 
554(122) 
554(55), 850(40), 
1030(sh) 
350(sh), 556(25), 
860(19), 1210(6) 
355 (111), 570 (20), 
895(17) 
584 (137) 
590(343) 
600(233) 
644 
624(60) 
692 (71) 
Ileff 
2.Sd 
1. 7d 
2.85e 
1.8e 
d: In nitromethane solution using Evans method (reference 
120), 
e: In solId state. 
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TABLr7 5.2 
iH Decoupled i3C n.m.l. Chemical Shifts of L13 and Li and some of their Nickel (II) and Zinc(II) Complexes 
and of [Zn(Li )]2+ (s/p.p.m. Reference SiMe4) at 298K. Relative Intensities in Parentheses 
0 Pyridine 
Compound Solvent /I -eN N-CH2-C N-CH3 C-CH2-C ,.c, 
Ortho Para Meta 
L13 CD3N02 161.2(2) 137.8(1) 121.1(2) 55.3(2) 55.1(3)a 54.3(2) 516(2) 47.0(1) 28.8(2) 
[Ni(HL 1~](CI04)3 CD3N02 159.8(2) 144.3(1) 123.5(2) 61.9(2) 58.7(2) 56.8(2) 5U5(3) 49.0(1) 25.8(2) 
. L17 CDCl3 156.9(2) 137.1(1) 123.3(2) 114.9(2) 61.2(2) 54.1(2) 48.4(2) 412(2) 42.4(1) 
L17 CD3N02 158.4(2) 138.2(1) 124.3(2) 116.6(2) 61.9(2) 55.3(2) 49.9(2) 44.0(2) 42.7(1) 
[Zn(L 17)DMSO](CIOV2 b CD3NOz 157.7(2) 139.3(1) 124.2(2) 116.8(2) 60.6(2) 56.8(Z) 52.8(2) 419(2) 40.3(1) 
154.4 125.4 58.3 56.8 55.7 44.3 
[Zn(L l~](CIO VZ CD3NOZ 177.7 144.0 115.1 41.6 
153.2 125.3 58.1 56.5 55.1 43.8 
a - Two overlapping resonances 
b - Coordinated DMSO at S 40.0 p.p.m. 
c - Partia? hydrolysis of the zinc complex of L17, identified from the original spectrum of 
[Zn(Ll ){DMSO)](CI04)2 which is also present in solution 
24.4(2) 
25.4(2) 
24.7(2) 
25.8(2) 
215(2) 
22.9 
22.3 
.c--
~ 
SECTION 5 
SECTION 6.1 
EXPERIMENTAL 
PREPARATION OF L13 
The synthetic routes are outlined In Scheme 5.1. 
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(i) Preparation of Compound (1): 1-(2-Aminoethyl)pyrrolidine 
(24 g, 0.21 mol) was dissolved in acrylonitrile (300 cm3, 4.56 mol) 
and glacial ethanoic acid (25.2 g, 0.42 mol) was added. The 
solution was heatd under reflux for 24 h, and excess acrylonitrile 
was then removed with a rotary evaporator. The residue was 
extracted with dichloromethane (3 x 100 cm3), and the combined 
extracts shaken with 0.88 ammonia solution (150 cm3). The organic 
phase was separated, washed with water, dried with anhydrous MgS04' 
filtered and then evaporated to give a thick yellow 011. Fractional 
distillation of the crude product gave a colourless 011 (36 g, 0.16 
mol, 77%), b.p. 1600 C (0.07 mm Hg). IH n.m.r. (CDCI3). 1.77 (4H, 
m) 2.60 (12 H, m), and 2.92 p.p.m. (4H, t). I.r. (thin f11m). 2342 
cm-1 (CN). 
(II) Preparation of Compound (2): Compound (1) (28.6 g, 0.13 mol) 
was dissolved in dry ethanol (400 cm3) and stirred under dinltrogen 
during the slow stepwise addition of sodium metai (50 g, 2.17 mol). 
The resulting solution was heated under reflux for 8 h, and then 
poured Into an equal volume of distilled water. Extraction with 
dichloromethane (5 x 200 cm3) followed by drying of the extracts 
with anhydrous MgS04, filtration and evaporation (rotary evaporator) 
gave a crude 011 (25 g). Careful fractIonal distIllatIon gave 
compound (2) (21 g, 0.092 mol, 70%), b.p. 105°C (0.05 mmHg). IH 
N . m • r • ( CDC I 3 )a 1. 30 ( 4 H , s ) , 1. 59 ( 4 H , t ) , 1. 75 ( 4 H , m ) , 2 • 55 
!\ ~ NH2 • "=\ eN 
(excess) 
Nol EtOH 
6 
4J 
? 
6 I 24h 
<'=U 
rN) 
NH2 NH2 
(.2 ) 
70% 
1'6 
j'N\ 
CN CN 
( 1 ) 
7.7% 
Q ( (,::; (';:> H2N-Ni-NH2 EtCH I H2O N-Ni-N 
0 
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~ (> 
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(12H, m), and 2.70 p.p.m. (4H, t), 13C n.m.r. (CDCI 3h 54.49(1), 
54.41(2), 53.15(1), 52.30(2), 40.61(2), 31.10(2) and 23.38 p.p.m. 
(2). Lr. (thin film): 3350 cm-1 (NH). 
(iiI) Preparation of L13: NiC12.6H20 (2.35 g, 9.9 mmol) was 
dissolved in ethanol-water (1:1, 30 cm3) and compound (2) (2.26 g, 
9.9 mmol) added to give a blue solution. Pyridine-2,6-dicarbaldehyde 
(1.34 g, 9.9 mmol) was then added, followed by ethanoic acid (0.8 
cm3), the resulting brown solution was stirred for 2 h, then heated 
at 800 C for 6 h. The solutIon was then cooled with ice, and sodium 
tetrahydroborate (1.5 g, 39.7 mmol) was added slowly over a period 
of 30 min. The mixture was stirred at room temperature until 
effervescence ceased, and then heated at 800 C for 2 h. The ethanol 
was then removed with a rotary evaporator, and sodium cyanide (4g, 
81.6 mmol) was added. After heating at 800 C for 1 h, the reaction 
mixture was cooled and basified with 15% aqueous NaOH to pH 12. The 
solution was extracted with dichloromethane (8 x 50 cm3) and the 
combined extracts were dried with anhydrous MgS04• Filtration, 
evaporation, and distlllation with a Kugelrohr apparatus gave L13 
(1.26 g, 38 mmol, 38%) as a pale yellow liquid, b.p. 130-132oC (0.1 
mmHg). IH N.m.r. (CDC1 3): 1.71 (8H, m), 2.50 (16H, m), 3.89 (4H, 
s), 7.00 (2H, d), and 7.55 p.p.m. (lH, t). IH Decoupled 13C n.m.r. 
chemical shifts are shown in Table 5.2. 
SECTION 6.2 PREPARATION OF METAL COMPLEXES OF L13 
(1) Preparation of [NHL13)OCI03HCI04), A solution of L13 
(0.166 g, 0.5 mmol) in ethanol (10 em3) was added to a solutIon of 
[NI(DMSO)6](C104)2 (0.364 g, 0.5 mmol) in ethanol (10 em3). The 
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resul tlng purple preclpi tate was fi I tered off, washed with· cold 
ethano I, then d i ethy I ether, and dr i ed in vacuo to give 
[Ni(L13)(OCI03)](CI04) (0.204 g, 0.4 mmol, 81%). Microanalysis, 
found: C, 38.3, H, 5.8, N, 11.7%. Calc. for C19H33Cl2N5Ni081 C, 
38.7, H, 5.7, N, 11.9%. The highest mass peaks In the f.a.b. mass 
spectrum were at m/z 488 and 490 as calculated for the 
[Nl{L13 )Cl04]+ Ion. 
(11) PreparatIon of [NI(HL13)](CI04)31 [Ni(L13 )(OCI03]CI04 
(0.118, 0.2 mmol) was stirred in ethanol (10 cm3), and 4 or 5 drops 
of 70% perchloric acid (CARE! danger of explosIon) added slowly 
causing a complete and rapid colour change from purple to 
orange-red. The precipitate was filtered, washed with cold ethanol, 
then dlethyl ether, and dried in vacuo to give [Nl(HL13) ](CI04)3 
(0.128 g, 0.18 mmol, 92%). Peaks were found In the f.a.b. mass 
spectrum at m/z 590 and 588 as calculated for the [Hl(HL13 }(CI04)2]+ 
ion. Microanalysis, found: C, 32.6r H, 5.2, H, 10.1%. Calc. for 
C19H34C13H5Ni0121 C, 33.1, H, 5.0 and H, 10.2%. 
(Ill) PreparatIon of [Cu(L13 )(OCI03)]CI04 and [Cu(HL13)](CI04)31 
These were obtained in 88 and 93% yields as blue and purple solids 
respectively, using the same methods described for the nickel (II) 
analogues. Microanalysis for the two complexes were respectively as 
follows, found for the blue product: C, 37.0, H, 5.5, N, 11.6%. 
Calc. for C19H35CI2CuN509I C, 37.3, H, 5.8, N, 11.4%, found for the 
purple product: C, 32.8r H, 5.1, N, 10.3%. Calc. for 
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SECTION 6.3 
The crystals (pink prisms and plates) of formula 
o 
a - 15.583(3), b - 9.656(3), c - 16.835(3) A, l3 - 104.95(2), U -
2447.4(10), A3, Z - 4, Dc - 1.50 g cm-3, Mo-Kcx radiation, ). -
0.71069 A, ~(Mo-Kcx) - 10.68 cm-l , F{OOO) - 1232. 
Data were collected with a Syntex P21 four-circle 
diffractometer. Maximum 2 e was 45°, with scan range t 1.2° (2e) 
around Kcxl-Kcx2 ang I es, scan speed 2-29° m in-1 , dependi ng on the 
intensity of a 2-s pre-scan 1 backgrounds were measured at each end 
of the scan for 0.25 of the scan time. The crystal was heid· at 
ambient temperature. Three standard reflections were monitored 
every 200 reflections, and showed slight changes during data 
collection, the data were rescaled to correct for this. Unit-cell 
dimensions and standard deviations were obtained by a least-squares 
fit to 15 high-angle reflections. 1394 Observed reflections with 
!lo{I) > 3.0 were used in refinement, and corrected for Lorentz, 
polarisation, and absorption effects, the last by Gaussian 
integration, maximum and minimum transmission factors were 0.83 and 
0.89. The crystal dimensions were 0.17 x 0.33 x 0.24 mm. Systematic 
absences hal, I ~ 2n1 aka, k - 2n, indicated space group P21/c. The 
heavy atom was located by Patterson techcnlques, and the light atoms 
were then found on successive Fourier syntheses. Hydrogen atoms were 
given fIxed IsotropIc thermal parameters, U - 0.07 A2, as defIned by 
the molecular geometry, and not refined. Final refinement was by 
cascaded least-squares methods, with anisotropic thermal parameters 
for all atoms other than hydrogen. The largest peak on a fInal 
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difference Fourier synthesis was of height 0.8 e 1-3 (in the 
vicini ty of the CI04 - ion). A weighting scheme of the form w -
1/[o2(F) + gF2] with g - 0.0009 was used. This was shown to be 
satisfactory by a weight analysIs. The final R value was 0.059. 
Computing was with the SHELXTL system123 on a Data General DG30 
computer. Scattering factors were in the analytical form, and 
anomalous dispersIon factors were taken from ref. 124. Final atomic 
co-ordInates are gIven In Table 5.3, and selected bond lengths and 
angles in Table 5.4. 
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TABLE 5.3 
Atomic Coordinantes (x 104) for [Ni{L13 ){OCI03)]{CI04) 
Atom X Y Z 
Nt 2328(1) 6871 (1) 6789 (1) 
Cl(l) 3674(2) 1849(4) 5789(2) 
Cl(2) 13(2) 7250(3) 6790(2) 
0(11) 2904 (7) 2568(10) 5496(9) 
0(12 ) 4434 (7) 2671 (12) 5857(8) 
0(13) 3697(9) 1428(15) 6610(8) 
0(14) 3686 (11) 659 (12) 5349(8) 
0(21 ) 944(5) 7022(8) 7150(5) 
0(22) -501(6 ) 6488(12) 7188 (7) 
0(23) -194 (7) 6999(17) 5955 (7) 
0(24 ) -162 (7) 8617(10) 6883(9) 
N(1) 2828(6} 6224(9) 7967(6} 
N (2) 2422(7) 9036(9) 6980(6) 
N(3} 1634(6) 7462(10) 5697(5) 
N (4) 1981(6 } 4887(9} 6242{5} 
N(5) 3656(6) 6611 (8) 6643(6) 
C(1) 2748(9) 7286 (12) 8608(8) 
C(2 ) 3049(9) 8754(13) 8455(9) 
c(3) 2398 (10) 9526(12) 7788(8} 
C{4 ) 1748(8) 9730 (11) 6283 (7) 
C(5} 1456(8) 8851(14) 5546(9} 
C(6 ) 975(8) 9235{l3) 4788(8) 
C(7) 658(8) 8307(14) 4173(7) 
C(8 ) 806 (7) 6881 (15) 4353 (7) 
C(9 ) 1294(8) 6521(12 } 5131(7} 
C(10) 1408(8) 5065 (11) 5426 (7) 
C(l1 ) 1613(8) 3955 (12) 6775 (7) 
C(12 ) 2250(9) 3739 (ll) 7605(8) 
C(13 ) 2364(9) 4987(11) 8200 (8) 
C{14 ) 3802(8) 5916 (12) 8068(7) 
C(15) 4008(8) 5546(12) 7284(7) 
C(16 ) 4277(8) 7807 (12) 6765(8) 
C(l7) 5028(8) 7431(13 ) 6379(9) 
C(18) 4661{8 ) 6263(13) 5777 (8) 
C(19 ) 3712 (8) 61D6(13) 5815(8) 
N I-N (1) 
NI-N(2) 
NI-N (3) 
N (1 )-NI-N(2) 
N(2)-NI-N(3) 
N(2)-NI-N(4) 
N (1 )-NI-N (5) 
N(2)-NI-N(5) 
o (2l)-NI-N (l) 
o (21)-NI-N (3) 
o (2l)-NI-N (5) 
TABLE 5.4 
o 
Selected Bond Len~ths (A) and Angles (0) in 
[Nl(L1 )(OCI03)]{CI04) 
2.034(9) NI-N(4) 
2.114(9) NI-N(5) 
1. 961(8) NI-O{21) 
99.3{4) N (1 )-NI-N (3) 
81. 7 (4) N (1)-NI-N (4) 
162.4(3) N(3)-NI-N(4) 
86.4(4) N(4)-NI-N{5) 
95.8(4) N(3)-NI-N{5) 
85.1{3 ) O{2l)-NI-N(2) 
84.5(3) o (21)-NI-N (4) 
171.5(3) 
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2.134(9) 
2.159(10) 
2.393{8) 
169.5(4) 
97.8 (3) 
80.8(4) 
89.4(3) 
103.9(4) 
86.2(4) 
91.1(3) 
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SECTION 7.1 PREPARATION OF L17 
Sodium metabisuiphite C2.3 g, 12.1 mmoI) was dIssolved In 
water CtO cm3) and added to 2.5 cm3 of 37% aqueous formaldehyde. The 
sol ution was boi led for 1 h, then cooled to room temperature, and 
the macrocycle L2 (1.5 g, 6.04 mmoI) added with vigorous stirring. 
After 4 h, a solution of sodium cyanide C3.3 g, 67.3 mmoI) in water 
(20 cm3) was added. The mixture was left to stir overnight, 
whereupon a solid formed which was extracted with dichloromethane (5 
x 50 cm3). The combined extracts were dried with anhydrous MgS04, 
filtered and the solvent removed with a rotary evaporator to leave a 
viscous oil. This was kept under high vacuum to leave a white solid 
(1.92 g, 5.89 mmol) in 97% yield. H.p. 138-1400 Cr 1H n.m.r. 
(CDCI3)z 6 1.50 (4H, pentet), 1.96 (3H, s), 2.25 (4H, t), 2.47 (4H, 
t), 3.80 (4H, s), 3.87 C4H, s), 7.20 (2H, d), 7.69 UH, t), p.p.m. 
13C n.m.r. chemical shifts are given in Table 5.2 (p. 144). Electron 
impact mass spectrum: found, m/z 326, calc. for H+ 326. 
SECTION 7.2 A TTEHPTS AT THE PREPARATION OF METAL COMPLEXES OF 
L17 
(i) Nickel(II) Complex: A solution of [Ni(DMSO)6](CI04)2 (0.725 
g, 1 mmol) in ethanol C20 cm3) was added to L17 CO.326 g, 1 mmol) in 
ethanol 10 cm3• A pale-blue precipitate formed ImmedIately after 
the addition. The mixture was stirred at room temperature for 1 h, 
then fIltered and washed with ethanol (3 x 10 cm3) and diethyl ether 
(3 x 10 cm3) to give the product (0.45 g). 
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(11) Copper(II) Complex: This was prepared with the same method 
described for preparation of nickel (II) complex of L17, usIng 
[Cu(DMSO)6](CI04)2 to gIve a blue preCipitate of the copper(II) 
complex of L17 (0.57 g). 
(Ill) ZInc(II) Complex: A solution of [Zn(DMSO)4](CI04)2 (0.264 
g, 0.46 mmol) in ethanol (l0 cm 3) was added to a solutIon of L17 
(0.15 g, 0.46 mmol) In ethanol (10 cm3 ) under dinitrogen. The 
resultIng solution was stIrred at room temperature for 1 h, then dry 
dlethyl ether (10 cm3) was added dropwise to cause preCipItatIon. 
The whIte solId whIch formed was then fIltered under dInltrogen and 
washed wIth dry dlethyl ether (3 x 20 cm3) to gIve the product 
(0.271 g). 
All complexes of L17 found to be a mixture of hydrolysed and 
unhydrolysed product. 
SECTION 7.3 CONVERSION OF ONE CYANO GROUP TO AN AMIDO GROUP IN 
THE NICKEL(II) AND COPPER(II) COMPLEXES OF L17 
0.25 g of each complex was dissolved In H20 (50 cm3) and 
heated under reflux for 24 h. The solution of both complexes were 
concentrated to ca. 10 cm3 with a rotary evaporator, and ethanol 15 
cm3 was added to cause precipitation. A blue copper(II} solid (0.2 
g) and a mauve nIckel (II) complex (0.15 g) formed and were isolated. 
In both complexes only one cyano group found to be hydrolysed. 
MIcroanalyses found for the NI2+ complex: C, 39.3, H, 5.4, N, 
15.1%. Calc. for C1SH33CIN6NiOS: C, 39.5, H, 6.0, N, 15.4, found 
for Cu2+ complex: C, 34.2, H, 4.3, N, 13.1%. Calc. for 
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SECTION 8.1 PREPARATION OF L19 
To bromo-ethanoic acid (1.12 g, 8.06 mmol) in H20 (10 cm3), 
NaOH (0.32 g, 8.06 mmol) in cold water (5 cm3) was added in such a 
way that the temperature remained below 50 C. Then L2 (1.0 g, 4.03 
mmol) in EtOH (5 cm3) was added. The mixture was stirred and the 
temperature was maintained at 650 C for 20 h. The reactIon mixture 
was then coo I ed and f 11 tered. The f 11 trate was concentrated to ca. 
10 cm3 and acIdIfied to pH 3.7 with concentrated hydrochloric acid. 
The solution was left in a refrIgerator overnight. A white solid 
formed. This was filtered and washed with cold ethanol (3 x 5 cm3) 
to give the product (1.1 g, 53%). 
SECTION 8.2 PREPARATION OF A COPPER(II) COMPLEX OF L19 
L19.4HCI (0.255 g) In water (75 cm3) was treated wIth 
CuS04.5H20 (1.0 g) in water (75 cm3). The mixture was warmed to 
600C for 1 h, f 11 tered wh i I st hot, and the so 1 ut i on a 11 owed to 
evaporate slowly for several days. DurIng this time deep green 
crystals deposited, which were fIltered and air dried, to give the 
product (0.11 g, 33% yield). 
SECTION 8.3 CRYSTAL STUDY OF [Cu(L19H2 )CI]CI 
The copper(II} complex of L19 with formula of 
C18H28CI2CuN404.4H20, M - 570.9 crystallises as small green plates 
which are monoclinic, space group P2/n, with a - 14.695(9), b -
o 03 12.955(6), c - 13.831(6) A, a - 91.84(4)0, U - 2632 A , Z - 4, Dc -
~ 
1.44 g cm-3, ). (Mo-Kcx ) - 0.71069 A, IJ. - 11.0 cm-1 (no absorption 
correction). The crystals were poorly dIffracting, and showed some 
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decay under x-ray irradiation. 3796 Reflections were collected with 
a Syntex P21 diffractometer [1102 with 1/0(1) ~ 3.0], and the 
structure solved by the heavy-atom method and refined to a final R 
value of 0.091 (anIsotropIc temperature factors were used for all 
non-hydrogen atoms apart from four so 1 vent water mo I ecu I es ). The 
results of the structure analysis are shown in Figure 5.11 (p. 142). 
Final atomic co-ordinates are given in Table 5.5, and selected bond 
lengths and angles in Table 5.6. 
Atom 
Cu 
cH1) 
Cl (2) 
0(1) 
0(2) 
0(3 ) 
0(4) 
0(5) 
0(6 ) 
0(7 ) 
0(8) 
N (1) 
N(2) 
NO} 
N (4) 
C(1) 
C(2) 
C(3) 
C (4) 
C(5) 
C(6) 
C(7) 
C(8) 
C (9) 
C(10} 
C(ll ) 
C(12) 
C(13 ) 
C(14) 
C(15) 
C(16 ) 
C(17) 
C(18) 
TABLE 5.5 
Atomic Coordinates (x 104) for 
[CU(L19H2)Cl]Cl 
X Y 
1475(2) 5994(2) 
1799 (6) 7002(6) 
2369(6) 2621(6 ) 
-846 (12) 6258(12) 
-333(14) 6423(14) 
999 (13) 7582 (15) 
1654 (13) 9123 (13) 
3176(19) 4914(21) 
3837(21) 5103(24) 
4413(24) 5852(29) 
4454(29) 7293(35 ) 
3639 (19) 3436(18) 
606(13) 4766(15} 
1209(13} 5071 (14) 
2556(13) 6490 (15) 
4444(22) 2667(31) 
3119 (23) 3565(25) 
2300 (17) 4266(20) 
1516(17) 3950(23} 
196 (16) 4261(17} 
600 (16) 4327(17) 
398 (16) 3707(17 ) 
873 (16) 3835 (20) 
1526(19) 4554(20 ) 
1678 (16) 5196 (17) 
2375(20) 6064(22) 
3428 (19) 6061(20) 
3387(21) 4901(19) 
4027(21) 4495(25) 
341 (16) 5128 (20) 
-350(20) 6010(24) 
2601 (18) 7645 (18) 
1665(17) 8111 (22) 
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Z 
7215(3) 
8463(6) 
1272 (7) 
9212 (12) 
771 (14) 
6184(15) 
6202(18) 
1479(20) 
3606(22) 
-61(27) 
4264(30) 
8005(22) 
7922 (13) 
6133(13) 
6343(15) 
8197(32) 
6672(24) 
8661(20 ) 
6212(19) 
7192(17) 
6222 (17) 
3430(16) 
4603(16) 
4545(20) 
5316(20} 
5328 (22) 
6752 (20) 
6865(22) 
7691(30 ) 
8763(17) 
8476(22) 
6328 (19) 
6164(21 ) 
Cu-N(3) 
Cu-N(4) 
Cu-O(3) 
CI (1 )-Cu-O (3) 
O(3)-Cu-N(2) 
O(3)-Cu-N(3) 
CI (1 )-Cu-N (4) 
N(2)-Cu-N(4) 
TABLE 5.6 
o 
Selected Bond Length~ (A) and Angles (0) in 
[Cu(L1 H2)CI]CI 
1.95(2) Cu-N(2) 
2.12(2) Cu-Cl (1) 
2.59(2) 
90.5(5) CI (1)-Cu-N (2) 
136.2(7) CI (1 )-Cu-N (3) 
90.9 (7) N(2)-Cu-N(3) 
97.0(6) O(3)-Cu-N(4) 
146.6(8) N(3)-Cu-N(4) 
]59 
2.13(2) 
2.20 (1) 
100.2(6) 
178.6(6) 
78.9(8) 
69.2(7) 
83.3(8) 
CHAPTER VI 
CONCLUSIONS AND POSSIBLE EXTENSIONS 
OF THIS RESEARCH 
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The resu I ts reported In pre v I ous chapters have I ed to the 
followIng conclusIons and suggestIons for possIble future extensions 
of this work. 
(I) A square-pyramidal geometry Is found for the [NI(L)X]n+ 
complexes (L - Ll and L3, X - un Identate ligand) as shown by the 
crystal structure In Chapter II and two related reports!15,117 
These paramagnetIc square-pyramidal nlckel(II) complexes 
have an uncommon geometry, at which It wouid be worthwhile studying 
eXChange of the unldentate ligands X by n.m.r., and the equilibrium 
constants for theIr formatIon from square-planar complexes by 
spectroscopic teChniques, In a way similar to those reported 
prevlously!82-184 
(Ii) The work reported In Chapter IV revealed how the macrocycle 
L10 can coordInate to two metal ions at the same time in both homo-
and heterobimetailic systems. Further work Is needed to establIsh 
the geometry of the metal complexes reported, preferably by means of 
an x-ray crystal structure of one of them. ThIs ligand could also 
be functlonalised further by attackIng the secondary amIne groups to 
generate octahedral environments around each coordinated metal Ion 
such as In FIgure 6.1. 
FIGURE 6.1 
X - any coordinatIng group 
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(Ill) The synthetIc study of pentaazamacrocycles and theIr metal 
complexes reported In Chapter III have shoun some InterestIngly 
different geometries uith several metals. A uorthuhlle extensIon to 
this uork uould be the further functionalisation of ligand l6, uhich 
has tuo secondary amine groups available for the addItIon tuo 
penden t co-ord 1 nat 1 ng arms. Th 1 s uou 1 d genera te he pta- or 
hexadentate macrocycles. PossIble synthetIc routes as shoun In 
Scheme 6.1, 1 nc Iud 1 ng br 1 dge-head macrocyc I es ana logous to those 
recently reported?1 
SCHEME 6.1 
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(i v) The pendent-arm macrocycles in Chapter V have been shown to 
combine the interesting properties of an inert macrocycilc rIng and 
a labIle pendent group. ~hen the pendent-arm termInates In a basic 
functIonal group (e.g. an amIne) variations in pH can then be used 
to bring about a rapid transformation of the metal ion geometry and 
coordination number as shown for the nickel(II) and copper(II) 
complexes of L13. Extension to Co2+, Mn2+ and Fe2+ systems will be 
worthwhile if cases can be found in which activity towards dioxygen 
occurs. The possibility of synthesising a pH-dependent reversible 
02 carrier exists, viz.r 
<E> Represents the pyridine nitrogen 
PrelImInary results Indicate that the Co2+ complex of L13 Is 02 
actIve, but the reactIon products have yet to be characterIsed. 
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The formation of IL-peroxy-bridged dicobal t (III) dimers is 
also possible, but could be prevented by adding bulky groups (R) to 
the pendent-arm macrocycle such that these bulky groups flank the 
coordinated superoxo-group. Unfortunately, the crystal structure of 
the [Ni(L13 )OCI03]+ ion shows that the N-H groups point towards the 
coordinated pendent-arm rather than the site occupied by coordinated 
perchlorate, but this geometry Is unlikely if bulky R-groups are 
added due to steric hindrance from the bulky pendent-arm. Although 
direct alkylation of the secondary amine groups of L13 is difficult 
using alkyl halides due to quaternisation of the tertiary amine 
groups, reaction with acid chlorides is possible as shown In the 
work of J. M. Lehn and coworkers!85 
CHAPTER VII 
EXPERIMENTAL TECHNIQUES 
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SECTION 1 INSTRUMENTATION AND MEASUREMENTS 
IH Oecoupled, natural abundance, 13C n.m.r. spectra were 
obtained either at 45.28 MHz with a Bruker WH180 Fourier transform 
spectrometer (10 mm diameter n.m.r. tube) or at 100.6 HHz using a 
Bruker WH400 Fourier transform spectrometer (5 mm diameter n.m.r. 
tube). 1.5 cm3 of solution is required for the 10 mm tubes, and 0.5 
cm3 for the 5 mm tubes. A vortex suppression plug made of Teflon 
was used in the 10 mm tubes. Sample concentrations were generally 
In the range of 0.1-1.0 mol dm-3 In deuterated solvents. Routine IH 
n.m.r. spectra of free ligands and diamagnetic complexes were 
recorded with a Perkin Elmer (Hodel R34) 220 MHz continuous-wave 
spectrometer using 0.5 cm3 of solution in 5 mm diameter sample 
tubes. Infrared spectra were recorded using a Perkin Elmer (Model 
5808) infrared spectrometer, equipped with an internal reference. 
Nujol mulls, thIn liquid films or thin solid films were used wIth 
cesium iodide plates. The thin solid films were prepared by making 
a concentrated solution of the compound in an analytIcal reagent 
grade solvent such as CHCl3 and a few drops applied carefully to the 
cesium iodide plates, and the solvent evaporated under stream of dry 
dinitrogen. ElectronIc absorptIon spectra were recorded wIth a 
Schimadzu (Model 365) spectrometer in 1 cm quartz cells. Mass 
spectra were recorded using a Kratos {MS80} instrument fitted with a 
fast atom bombardment (f.a.b.) attachment. The latter was used for 
obtaIning mass spectra of metal complexes. Samples for mass spectra 
were prepared by dissolvIng a few millIgrams of metal complex in a 
matrix of erythro-l, 4-dimercapto-2, 3-butanediol and threo-
1,4-dimercapto-2,3-butane diol which was prepared by mixing the two 
chemicals in ratio of 115 respectively at 350C. Mass spectra were 
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sImulated wIth a Hewlett Packard 9845B minIcomputer. 
SECTION 2 MAGNETIC SUSCEPTIBILITY MEASUREMENTS 
Magnetic moments of paramagnetic metal complexes were 
obtained In solution at room temperature by the Evans n.m.r. 
methodPO or powder samples of the complexes were studied with a 
Johnson-Matthey (Evans method) magnetic susceptibility torsion 
balance. In the solution Evans n.m.r. method the chemical shifts of 
the proton resonances of inert reference molecules caused by the 
presence of dissolved paramagnetic substances are gIven by the 
expression: 
AH 
H = 
2n AK 
3 
AK 1 s the change 1 n vo I ume suscept 1 b 111 ty • For 2 [H ] 3-n 1 tromethane 
solutions of complexes discussed in Chapters II and V about 2% of 
t-butanol was used as the Internal reference and 2% of t-butanol 
solutIon In 2[H1 3-nitromethane was used as an external reference in 
a capillary (Wilmad) tube placed co-axially inside the 5 mm diameter 
n.m.r. tube. Two resonances were observed for the methyl. protons of 
the t-butanol because of the difference in volume susceptibIlities 
of the two solutions with the resonance for the paramagnetiC 
solution at the higher frequency. The corrected molar 
I 
susceptibility of the dissolved substance XM is gIven by the 
expression186 
3AHM 
+ DC 
m 
where 
~H 
H 
M 
m 
Xo 
- shift separation in p.p.m. of the two resonances. 
- molecular weight of the complex 
- mass of complex in 1 cm3 of solution 
- mass susceptibility of the solvent 
(-0.72 x 10-6 for dil. t-butanol) 
- density of the solvent 
- density of the solution 
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DC - diamagnetic correction for the complex (calculated 
using Pascal's constants reported In reference 187, it 
was assumed that there was no temperature independent 
paramagnetIsm) 
The densIty term (dO-ds ) is often neglected without serious error. 
, 
Values of XM calculated from the prevIous equatIon may be related to 
the magnetIc moment of the paramagnetIc ion Peff by the equation: 
, ~ Peff - 2.828 (XM.T) Bohr Magnetons 
where T is the absolute temperature of the measurement. In studies 
of solid samples (Chapter III and IV) the followIng equatIon was 
used to calculate Xg. 
-
CI(R-RO) 
m 109 
I - length of sample in glass tube in cm (In range 1.5-2.5 em) 
m - mass of sample In grammes (In range 0.1-0.3 g) 
c calibration constant for the instrument 
R - reading from balance obtained for tube plus sample 
RO - empty tube reading 
Xv - Xg x MWt 
MWt - molecular weIght 
167 
The Xv values were corrected by addItIon of Pascal's constants from 
reference 187 and ~eff was calculated In a sImIlar way as descrIbed 
for the n.m.r. method. 
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APPENDIX 
(i) Final Temperature and Structure Factor Tables 
Because of the I r I ength they have been om I tted from th I s 
thesIs but have been deposited wIth the published work. 
(11) DeconvolutIon of VisIble Spectra of [Cu(L1)]2+ and 
[Cu{L 4) ]2+ 
In visible spectra, the bands have a Gaussian shape given by 
an equation of the following type: 
Y _ A e-c (x-xo)2 (1 ) 
Y is the absorbance as a funct i on of wave length (x), A and care 
constants, and Xo is the wavelength at whIch the band Is centred. 
For two overlappIng bands, an equatIon of the following type is 
used; 
Y - Yl + Y2 
Yl and Y2 are given by equation {l}, resulting in the following 
equation. 
Y - Ale-C1(X-X01)2 + A2e-C2(x-X02)2 + A3 (2) 
The seven parameters in equatIon (2), xOl' x02, cl' c2' Al' A2 and 
A3 are found by non-linear least squares analysis. The two 
parameters required are XOl (ll) and x02 (l2)' An iterative 
computer program (GAUSS2), written for an IBM-PC microcomputer was 
used to analyse the data. 
1 A typical analysis for [Cu(L )](CI04)2 is shown below using the data in Table 1. 
'} 
10" (Absorbance) 
~ t 
S5 
44 
33 
22 
11 
8 
Index 
1 
2 
3 
4 
5 
6 
7 
sea 54B 
Parameter 
5.058124E+02 
5.843115E+02 
6.183826E-04 
2.069904E-04 
1.921851E-Ol 
6.419528E-Ol 
1.177125E-02 
588 788 
Va \Ie I engt}v n,. 
Standard Deviation 
1.050871E+OO 
6.332439E-Ol 
3.179951E-05 
6.695812E-06 
7.947898E-03 
7.302914E-03 
6'. 964693E:"03 
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TABLE 1 
NIJIIII)I~I- of ob~el-vati()ns:: :1~J 
Index 
1 
2 
:1 
11 
5 
6 
7 
8 
9 
10 
1 1 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
X 
fi.B:.IIlOOEIOL 
fj • 7 [) () 0 0 E I 0 2 
f). fi7000EI02 
6 . fi 7 :W 0 E I 0 2 
f;.50200E+02 
6.4490010:+02 
().34300E+02 
6.264001':+-02 
6.19300E+02 
6.13100E+02 
6.06900E+02 
6.00800E+02 
5.95500E+02 
5.92800E+02 
5.89300E+02 
5.84900E+02 
5.80400E+02 
5.76000E+02 
5.70700E+02 
5.64500E+02 
5.58300E+02 
5.53900E+02 
5.47700E+02 
5.43300E+02 
5.38900E+02 
5.32700E+02 
5.27400E+02 
5.23000E+02 
5.16800E+02 
5.15000E+02 
5.08900E+02 
5.04400E+02 
5.00000E+02 
4.93800E+02 
4.87700E+02 
4.83200E+02 
4.77900E+02 
4.70900E+02 
4.64700E+02 
x = Wavelength 
Y = Absorbance 
Y(Obs) 
B.OOOOOE OL 
1.1100001-: 0 I 
1.750001-: 01 
2.2HOOOE OJ 
2.7~WOOE 01 
3.10000E 0 I 
3. 90000E--0 1 
4.53000E -01 
5 . 0 8 0 0 0 E -- 0 1 
5.52000EOI 
5.90000E-Ol 
6.21000£- 01 
6.42000E-Ol 
6.48000E-Ol 
6.55000E-Ol 
6 • 5 90 0 0 E -- 0 1 
6.58000E-Ol 
6.53000E -01 
6.43000E-Ol 
6. 23000E-O 1 
6.03000E-Ol 
5.87000E-Ol 
5.63000E-Ol 
5.46000E-01 
5.30000E-01 
5.06000E-01 
4.85000E-Ol 
4.67000E-01 
4.39000E-Ol 
4.31000E-Ol 
3.99000E-Ol 
3.79000E-01 
3.45000E-Ol 
3.04000E-01 
2.61000E-Ol 
2.30000E-01 
1.93000E-Ol 
1.48000E-Ol 
1. 12000E-0 1 
Y(CII/':) 
~ I _ 11 !j 1 :! 7 E 02 
1.:!H7/iHE 01 
1.li71;7')/O: () 1 
~ . 2 I1IW 2 E () 1 
2.7~13IE 01 
:!. 120:16E () / 
3 . ~l 1111 H H E 0 1 
1. 56692E-O 1 
5.10096E-Ol 
5.52f>82E 01 
5.89728E 01 
6. l~) 322 E- () 1 
6.386321-:-01 
6. 46005 E-- 0 I 
6.53007E-Ol 
6.57695E--Ol 
6.57H55E-Ol 
6.53745E-Ol 
6.43794F.-Ol 
6.26474F.-Ol 
6.04813E-Ol 
5.87871E-Ol 
5.63127E-Ol 
5.45582E-OI 
5.28339E-Ol 
5.045431<:-01 
4.84191E-Ol 
4.66704E-01 
4.40039E-Ol 
4.31669E-Ol 
4.00651E-Ol 
3.74897E-01 
3.47381E-Ol 
3.05326E-Ol 
2.61660E-Ol 
2.29209E-01 
1.92081E-Ol 
1.47013E-Ol 
1. 12566E-0 1 
E I- ro r 
/ .1151:.l7E 02 
/ . 1 2 :1 2 I} E 0 2 
7.:324521-:-03 
:I. 1 I 7 !19 E -0:1 
1.343191-:-04 
2.03580E--03 
-I}.48829E-03 
-3.69233E-0:f 
-2.09630E-03 
-6.81937£-04 
2.71976E-04 
1.67841E-03 
3.36754E-03 
1.99461E-03 
1.99300E-03 
1.30486£-03 
1.45018E-04 
-7.44998E-04 
-7.93755E-04 
-3.47430E-03 
-1.81299E-03 
-8.71181E-04 
-1.27196E-04 
4.18186E-04 
1.66088E-03 
1.45733E-03 
8.08775E-04 
2.96414E-04 
-1.03909E-03 
-6.69330E-04 
-1.65141E-03 
4.10253E-03 
-2.38103E-03 
-1.32552E-03 
-6.60419E-04 
7.91401E-04 
9.18955E-04 
9.87053E-04 
-5.65946E-04 
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The same method was used for computing simulation of data collected 
for [Cu(L4)] (Cl04)2' The data are shown in Table 2. 
TABLE 2 
Numb~r of observations" :30 
Index 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
X 
7.05100E+02 
6.85700E+02 
6.72800E+02 
6.69100E+02 
6.56200E+02 
6.45100E+02 
6.34000E+02 
6.22100E+02 
6.15600E+02 
6.06400E+02 
5.98100E+02 
5.88800E+02 
5.82400E+02 
5.76900E+02 
5.70400E+02 
5.63000E+02 
5.54700E+02 
5.44600E+02 
5.37200E+02 
5.31700E+02 
5.20600E+02 
5.05800E+02 
4.94800E+02 
4.90200E+02 
4.85500£+02 
4.80000E+02 
4.73600E+02 
4.68900£+02 
4.60600£+02 
4.49600£+02 
Index 
Y(Obs) 
6.70000£-02 
9.70000E-02 
1.26000E-Ol 
1 • 3 6 0 0 0 E -- 0 1 
1.80000E-Ol 
2.32000E--Ol 
2.99000E-Ol 
3.88000E-Ol 
4.42000E-Ol 
5.20000E-Ol 
5.83000E-Ol 
6.39000E-Ol 
6.63000E-Ol 
6.74000E-Ol 
6.73000£-01 
6.58000E-Ol 
6.27000E-Ol 
5.79000E-Ol 
5.46000E-Ol 
5.24000E-Ol 
4.88000E-Ol 
4.48000E-Ol 
4.11000£-01 
3.90000E-Ol 
3.65000E-Ol 
3.33000E-01 
2.89000E-Ol 
2.55000E-Ol 
1.94000E-Ol 
1.21000E-Ol 
Parameter 
1 
2 
3 
4 
5 
6 
7 
4.920046E+02 
5.728387E+02 
8.197737E-04 
2.539289E-04 
2.172021E-Ol 
6.007763E-01 
7.074790E-02 
Y(culc) 
7.78206E-02 
9.44073E-02 
1. 18256E-0 1 
1.27874E--Ol 
1.73636£-01 
2.30287E-Ol 
3.03123£-01 
3.95162E-Ol 
4.48376E-Ol 
5.22087E-Ol 
5.81674E-Ol 
6.33990£-01 
6.58006E-Ol 
6.69603E-Ol 
6.72026£-01 
6.60423E-Ol 
6.32030E-Ol 
5.83890E-Ol 
5.46608E-Ol 
5.21343E-Ol 
4.82305E-01 
4.48483E-Ol 
4.14532E-Ol 
3.93441E-Ol 
3.67140E-Ol 
3.31077E-Ol 
2.84563E-Ol 
2.49634E-Ol 
1.92033E-Ol 
1.33185E-Ol 
Error 
--1.08206E-02 
2.59267E--03 
7.74392E-03 
R.12602E 03 
6.36366E-03 
1 • 7 1 3 4 7 E .- 0 3 
-4.12261E-03 
-7.16239E-03 
-6.37606E-03 
-2.08658E-03 
1.32608E-03 
5.01013E-03 
4.99368E-03 
4.39674E-03 
9.7376lE-04 
-2.42323E-03 
-5.02968E-03 
-4.88961E-03 
-6.07610E-04 
2.65747E-03 
5.69463E-03 
-4.82947E-04 
-3.53155E-03 
-3.44115E-03 
-2.14022E-03 
1.92252£-03 
4.43685£-03 
5.36601E-03 
1. 96674E-03 
-1. 21850E-02 
Standard Deviation 
9.696768E-Ol 
5.988908E-Ol 
5.132359E-05 
7.842775E-06 
7.260215E-03 
4.499583E-03 
4.267809E-03 
